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ABSTRACT 
 
FORCES DURING LANDING ON COMPETITION MATS IN GYMNASTICS 
VAULTING 
Emma Louise Payne, Loughborough University, 2015 
The new vaulting table was introduced in 2001. This has resulted in an increase in 
difficulty of the skills being performed by male and female gymnasts. As a consequence 
of the increasing skill difficulty, the heights from which gymnasts’ land has also 
increased. Gymnasts have been reported to reach peak vertical heights of up to 3 meters 
above the landing surface (Takei, 2007). The F.I.G. apparatus norms (2011) state that the 
rules for vault landings are the use of a 200 mm thick landing mat with a compulsory 
supplementary 100 mm mat placed on top. During these landings gymnasts need to 
withstand high impact forces and previous research has highlighted the possible 
connection between external landing forces and injury (Nigg, 1983). It was the aim of 
this research to investigate landing mat properties and gymnastics vault landing forces. 
This was achieved through experimental and theoretical research. Equipment testing 
procedures were established for impactor drops and gymnast landings with the use of 
F.I.G. standard landing mats (onto one and two landing mat conditions) with a force 
platform and a Vicon motion capture system. Landing mat and gymnast properties were 
established to be used as an input for spring-mass model. Parameters such as the 
maximum landing forces, mat effective mass and landing mat stiffness were established. 
Experimental results concluded that gymnasts are able to adjust their landing strategy to 
restrict the maximum forces experienced when landing on different surfaces. An 
observed reduction in initial force and the forces at the foot-mat surface may make 
landing onto two landing mats the preferred set-up for a gymnast who is performing 
numerous landings in practice and competitions. Mat stiffness for both one and two 
landing mats was concluded to have a non-linear relationship for the force-depression 
curves. Additionally, a spring-mass model of the gymnast landings demonstrated that a 
reduction in the mat stiffness and damping resulted in a decrease in the maximum force. 
With an increase in time to this maximum force the loading rates during gymnast landings 
were also reduced. 
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CHAPTER 1 
INTRODUCTION 
 
1.1 Area of Study 
In both men’s and women’s artistic gymnastics the vaulting event is unique. Men 
compete on a total of six pieces of apparatus: the floor, pommel horse, rings, vault, 
parallel bars and high bar. Women compete on four pieces of apparatus comprising vault, 
asymmetric bars, beam and floor.  Apart from the vault, each event requires the gymnas t 
to perform a sequence of selected skills which are linked together into a routine. This 
makes the vaulting event individual in that it is the only event where a single action is 
performed. The vaulting event is also the only apparatus where male and female gymnasts 
perform the same skills under the same conditions. 
All vaults can be split into seven distinct phases: the approach run, hurdle 
step/round-off, springboard contact, pre-flight phase, vault contact, post-flight phase and 
the landing. Vaults are categorised according to the type of entry the gymnast performs 
in both the men’s and women’s Code of Points. However, as vault entry types are the 
same for both male and female gymnasts, only the men’s Code of Points will be used as 
a reference (F.I.G., 2013). Figure 1.1 illustrates the different vault entries. By definit ion 
the Handspring entry vaults are identified by continued forwards rotation before and after 
impact as the gymnast does not change the direction of rotation during the performance. 
Tsukahara entry vaults require the gymnast to leave the springboard and produce a ¼ to 
½ turn on to the vault and perform a backwards rotating somersault during the post-flight 
phase. The final type of continuous rotation vault is a Yurchenko, in which the gymnas t 
performs a round-off entry on to the springboard and then has to complete a backward 
handspring onto the vaulting table. The Hecht vault is distinctive in that it encompasses 
a reversal of rotation during contact with the vault. However, the Hecht vault is no longer 
seen at high level competition and could be considered a relatively redundant skill.  
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(a) 
 
 
 
 (b) 
 
 
 
 
 (c) 
 
 
 
 
(d) 
 
 
 
Figure 1.1 Figures from the Men’s Artistic Gymnastics Code of Points (F.I.G., 2013). Phases of the (a) 
Handspring, (b) Tsukahara, (c) Yurchenko (c) and (d) Hecht style vault  
 
Of all the events in gymnastics it has been noted that the vaulting event is probably 
the best understood (Sands, 2003) as it has received the most attention from researchers. 
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Numerous authors have conducted scientific studies to explain and describe the actions 
occurring during a variety of different vaults. Specifically, the Hecht vault (Yeadon et al., 
1998; Takei et al., 2000a; Takei et al., 2000b), the Handspring vault (Dainis, 1979; 
Dillman et al., 1985; Nelson et al., 1985; Takei, 1989; Takei, 1990) and the Yurchenko 
vault (Kwon et al., 1990; Bohne et al., 2000). Others researchers have also investiga ted 
the optimum technique required for such vaults using simulation models (Dainis, 1981; 
Sprigings and Yeadon, 1997; Koh et al., 2003a; Koh and Jennings, 2007). The key 
primary determinants for a successful vault have emerged from these research articles 
and are generally well accepted. It is fundamental for the gymnast to: 
 Achieve sufficient horizontal velocity during the approach run 
 Generate vertical velocity and angular momentum from contact with the 
springboard  
 To make contact with the vault surface at the appropriate angle. The contact 
angle being defined as the straight line between the hands at contact and the 
gymnast’s mass centre, relative to the horizontal. 
 
The horizontal velocity, vertical velocity and vault contact angle will all have an 
effect on the reaction force the gymnast experiences during contact with the vault table.  
The two components of this reaction force are the horizontal and vertical forces. Figure 
1.2 shows how these two reaction forces affect the resultant flight path of the gymnas t 
during the post-flight phase. 
The horizontal reaction force acts to reduce the linear horizontal velocity in the 
direction of travel but also creates the desired rotation (or angular momentum). The 
vertical reaction force will generate greater vertical velocity for the gymnast post-flight 
but will also create a reduction in the gymnast’s total angular momentum. The gymnas t 
has to impact the vault at the appropriate angle and with sufficient vertical velocity, 
horizontal velocity and angular momentum so that adequate height and rotation post-
flight is achieved. 
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Figure 1.2 The vertical and horizontal reaction forces during impact  
with the vault table and the effects on the post-flight phase. 
 
1.2 Vaulting Equipment  
The vaulting apparatus consists of several pieces of equipment used in succession; 
the run-up mat, the springboard, the vaulting table and the landing mats. The F.I.G. 
Apparatus Norms (2011) stipulate various conditions on the set-up and construction of 
these pieces of equipment. The apparatus norms stated for the vaulting set-up are the 
same for both male and female gymnasts.  During competition, gymnasts are permitted a 
25m run-up which is marked out with a run-up mat. At the end of the vault run-up there 
is a vaulting board (or springboard) placed on top of wooden board. The vault consists of 
a slightly inclined table body which is mounted on a stand. The stand must offer a stable 
and secure base for the table to be mounted and must also provide a fixing so that it can 
be fastened to the floor.  The top of the vaulting table or the ‘push away area’ must be 
appropriately cushioned for shock absorption and also provide an even rebound from all 
possible impact points. The rules require the use of a 200 mm thick landing mat with a 
compulsory supplementary 100 mm mat placed on top. According to the Apparatus 
Norms the landing mats are required to: 
“absorb motion energy in order to reduce the reaction transmitted 
to the body of the landing gymnast to a tolerable proportion” 
Direction of Travel 
Reduction in 
Linear Horizontal 
Velocity 
Generation 
of Linear 
Vertical 
Velocity  
Reduction 
in Angular 
Momentum 
HORIZONTAL 
REACTION FORCE 
VERTICAL 
REACTION FORCE 
Generation 
of Angular 
Momentum 
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This definition does not offer sufficient detail with regards to the types of forces 
a gymnast will experience during landing or what quantity of force is expected or 
tolerable with regards to injury occurrence. 
The apparatus norms also highlight that the mats must respond to the gymnas t 
landing with evenly increasing resistance. The landing mats must also not encase or 
surround the gymnast or gymnast body parts so that they are unable to move freely. Figure 
1.3 shows the competition vaulting apparatus set-up and both the landing mat and 
supplementary landing mat. 
Prior to the introduction of the new vaulting table in 2001 the vault was referred 
to as the ‘vaulting horse’. The vaulting horse was similar in shape to the pommel horse 
but without the handles (Figure 1.4). The vaulting horse was set-up with the long axis 
perpendicular to run-up for female gymnasts and parallel for male gymnasts. Following 
a series of injuries due to collision with the vault and/or mis-placed hands on top of the 
vault it was decided by the F.I.G. that a new shape vault needed to be introduced. This 
was not only for safety reasons but also to enhance the performance of the acrobatics 
performed on the apparatus. 
 
 
 
 
 
 
 
 
 
 
Figure 1.3 Vaulting apparatus: F.I.G. (2011) competition set-up, including the run-up, springboard, 
vaulting table and landing mats (top centre), competition 200 mm landing mat (bottom left) 
and competition 100 mm supplementary landing mat (bottom right) 
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Figure 1.4 The old style ‘Vaulting Horse’ 
 
The new vaulting table was first used in international competition at the World 
Championships in Ghent, Belgium in 2001. The vaulting table has since been introduced 
at all levels and is now a widely accepted piece of apparatus in both training and 
competition. Despite the skills performed on the new vaulting apparatus being the same, 
it has been reported within the coaching literature (Sands and McNeal, 2002; Rand, 2003) 
that the new equipment has allowed gymnasts to approach the vault much more 
aggressively for a number of reasons: the safer hand placement has seen an increase in 
confidence, reduced springboard distance, flatter surface for a more even push off and 
the vaulting table appears to be much more forgiving when pre-flight errors have been 
made. Conversely, Sands (2003) observed that there had been no scientific studies that 
investigated the impact of the new vaulting table on performance. 
A study conducted in 2009 by Irwin and Kerwin has since compared the 
biomechanical characteristics during a handspring front somersault vault between the old 
style vaulting horse and the new vaulting table. The most notable difference was found 
at vault take-off where an increase in vertical velocity from the vault table was reported. 
If gymnasts are generating greater vertical velocity at the point of take-off from the vault 
table, then greater height post-flight will also be seen. It was concluded that the increased 
surface area and elasticity of the new vaulting table has changed the event. These factors 
may in turn, affect the landing in vaulting. In contradiction to this Knoll and Krug (2002) 
stated that gymnasts would not need to make any adjustments when using the new 
vaulting table.   
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1.3 Landings  
Similar to other apparatus dismounts the gymnast lands from a great height with 
both linear and angular momentum. A landing is deemed successful when a gymnast has 
landed in one single action, with no additional steps or hops. The F.I.G. (2013) states that 
the landing should be a prepared phase where the skill has been fully executed in time to 
extend the body position prior to landing. 
It has been reported that the gymnasts centre of mass can reach peak vertical 
heights of 3.01 m in the post-flight phase during a ‘Roche’ vault (a handspring vault, with 
two tucked somersaults in the post-flight phase) (Takei, 2007).  The height a gymnas t 
lands from will depend on the type of vault being performed and the ability level of the 
gymnast. During these vault landings the gymnast will have to withstand high impact 
forces which could lead to injury. McNitt-Gray (1991) reported vertical ground reaction 
forces values between 9.1 and 11.0 times body weight during drop landings from a height 
of 1.28m. Although it is difficult to establish a definitive relationship between external 
ground reaction forces and injury occurrence it is generally accepted that large external 
loading puts extra strain on the lower limbs during such activities (Nigg, 1983).  
With regards to landings and related topics the following factors have been 
investigated by researchers: landing height (McNitt-Gray, 1991), landing strategy 
(McNitt-Gray, Yokoi and Millward, 1993), the landing surface (Zatsiorsky and Prilutsky, 
1987) and muscle activation patterns (Santello and McDonagh, 1998).  
Following a study investigating the effects of mat characteristics on plantar 
pressure patterns, Perez-Soriano et al. (2010) concluded that strong evidence relating mat 
characteristics to the risk of injury is still missing from the literature. They also reported 
that softer and harder mats may pose different risks for injury and that their combined 
benefits need to be addressed. However, at present, gymnastics landing mats are only 
subject to standard equipment testing which does not account for the interaction between 
the gymnast and the surface (McNitt-Gray et al., 2001a) or specific factors such as the 
mass of the gymnast. 
However, research conducted by Mills (2005) used computer simulation to model 
gymnastics vault landings. The main focus of this research was to model the landing mat 
and gymnasts to establish internal forces acting on the gymnast, as well as bone 
deformation, with the aim of minimising injury risk. This research concluded that 
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modifying the gymnasts landing strategy could reduce peak ground reaction forces but 
may not decrease peak internal joint forces. It also concluded that 20% more damping in 
the landing mat could reduce peak ground reaction forces and internal joint forces. 
Additional experimental testing of different landing mat conditions would further these 
conclusions. 
In summary it can be said that the skills performed on the vaulting apparatus have  
been explored and researched. In particular, the kinematics and techniques of the various 
vaulting types are now well documented. Following the change of equipment in 2001 
from a vaulting horse to a vaulting table this activity has undergone some changes.  
Gymnasts are now attempting vaults with a higher level of difficulty, which has been 
promoted by the safer, larger table design and the increase in vertical velocity at take-off 
from the vault which results in an increase in flight time and height. The flight path of 
the gymnast and the height from which they land from will directly affect the vertical 
landing velocity and possibly the landing strategy adopted by the gymnasts. It is also 
assumed that a change in vertical landing velocity will see an alteration in the landing 
forces experienced by the gymnast.  
  How different landing mats and landing heights affect the forces experienced by 
the gymnast is something that warrants further investigation. Landing mat design is 
something that could ultimately be changed to aid the reduction of peak landing forces. 
It also raises the question as to whether a single competition standard set-up is 
appropriate for all gymnasts, regardless of age, size or ability. The F.I.G. (2006) imposes 
restrictions on the construction and mechanical properties of competition landing mats 
but there has been no research investigating actual gymnast landings with the use of F.I.G. 
standard landing mats.  
 
1.4 Statement of Purpose 
It is the intention of this research to increase the understanding and knowledge of 
the landing phase and landing mat behaviour involved in men’s and women’s vaulting in 
Artistic Gymnastics. 
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Much of the previous research on vaulting has looked at the performance aspects 
of this event but there are very few studies that have investigated the interaction between 
the gymnast and equipment.  With the significance of gymnast-equipment interaction, 
with regards to both injury and performance, it would seem that the landing mats are an 
area that would benefit from further investigation through experiment and modelling.  
 
1.5 Research Questions 
The following research questions will be addressed: 
Q1. Which experimental data collection techniques are the most accurate and reliable 
for establishing landing ground reaction forces through F.I.G. standard landing mats? 
Previous research has either investigated gymnastics landing forces without the  
use of mats (McNitt-Gray, 1991) or has used modified landing mats so that ground 
reaction forces could be recorded (Pain et al., 2005). However, the most ecologica lly 
valid method of collecting landing ground reaction forces would be to use a standard 
landing mat. Considerations for such data collection methods were: the position of the 
mat over the force platform, position of the landings on to the mat, determining contact 
points through synchronisation and recording landing forces through the mat.  
 
Q2. How do ground reaction forces and those at the foot-mat surface differ under 
different landing mat conditions? 
The most suitable method of collecting ground reaction forces will be established 
through answering Research Question 1. Further experimental testing will then be used 
to establish the ground reaction forces, with the use of a force platform, placed underneath 
the landing mats.  
Gymnasts land on a variety of different landing mat set-ups during training and 
competition. These mats can provide a very soft landing, particularly seen in training, 
through to much firmer and stiffer mats that are more often used in competition. Full 
competition set-up for artistic gymnastics vaulting requires the use of a 200 mm thick 
landing mat with a compulsory supplementary 100 mm thick mat placed on top (F.I.G., 
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2011). Experimental testing will be used to establish the ground reaction forces from the 
force platform and those experienced by the gymnast at the foot-mat surface under 
different landing mat conditions. The reaction force at the foot-mat surface will be 
determined via experimentally collected displacement data with the use of Vicon. The 
subsequent velocities, accelerations and force values will then be calculated. Differences 
in the reaction forces between the surface of the landing mat and from underneath the 
landing mat will be compared for different landing conditions. Factors such as; the 
involvement of the landing mat (mat effective mass), mat depression and the gymnasts 
landing configurations on the different surfaces will also be considered. 
 
Q3. How do the model parameters for the landing mats and gymnast differ under different 
landing mat conditions? 
 Following completion of experimental testing of the landing mats and the 
gymnasts landing onto landing mats, a spring-mass model will be designed to further 
investigate the landing mats. Model input parameters such as; landing mat stiffness, mat 
effective mass, gymnast mass and damping coefficients will need to be determined.  
 
Q4. How do the findings from Research Questions 2 and 3 impact upon the 
recommendations made for future landing mat construction and design in gymnastics 
vaulting?  
Through modelling the gymnast-mat system, the external forces experienced by 
the gymnast at landing can be investigated. It can then be determined if and how the mat 
properties need to be altered to reduce this external force.  
Recommendations could be made on the future design of gymnastics landing mats 
for vaulting with regards to the thickness, stiffness and the number of mats used in 
competition and training situations. The optimum recommendation would be a landing 
mat that reduced the contact and ground reaction forces whilst landing on the mat. 
However, any recommendation would need to be practical and cost effective with regards 
to the design and intended uses of the landing mat. 
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CHAPTER 2 
LITERATURE REVIEW 
 
2.1 Vaulting Background 
Most apparatus events in both Men’s and Women’s Artistic Gymnastics consist 
of a sequence of skills that are linked and performed together in a routine. However, the 
vaulting apparatus requires the gymnast to perform a set of skills in a particular sequenc e: 
the run-up, board contact, pre-flight, vault contact, post-flight and the landing. The 
following sections will summarise the previous research of the main vaulting categories : 
the Handspring, Tsukahara, Yurchenko and Hecht vaults, along with the main phases of 
the vaults: the approach run, springboard contact and landings.  
 
2.1.1 The Handspring Vault 
Of all the vaulting categories, the Handspring vault has received the most 
attention from researchers. From earlier research conducted on the basic handspring when 
it was the compulsory vault in competition (Dainis, 1979) to one of most advanced vaults 
currently used in competition today, the Roche vault (Handspring with 2½ somersaults ) 
(Takei, 2007). Much of the earlier research on the handspring vault was descriptive in 
nature but nevertheless highlighted the fundamental mechanics needed to perform the 
technique successfully.  
Over the last 30 years researchers have concluded that it is important for gymnasts 
to generate sufficient horizontal velocity in the approach run so that vertical velocity can 
be gained on impact with the springboard (Dainis, 1981; Nelson et al., 1985). More 
advanced gymnasts are also able to maintain good horizontal velocity in the pre-flight 
stage so that they contact the table more quickly, which results in less loss of vertical 
velocity due to gravity. Gymnasts aim to have a short contact phase with the vault which 
may help to reduce the loss of angular momentum for the post-flight stage. They also 
need to increase vertical velocity from contact with the vault: the more vertical velocity 
the gymnast can produce at take-off from the vault, the greater height and time of flight 
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post-flight can be achieved (Dainis, 1979; Takei, 1988; Takei, 1989; Takei, 1990; Takei, 
1990; Takei, 1991; Takei, 1998; Takei et al., 2003; Takei, 2007). Generating greater 
horizontal velocity at take-off from the vault will also result in an increased landing 
distance in the post-flight phase. Other researchers (Yeadon et al., 1998; King et al., 1999) 
have also confirmed that there will be a reduction in total body angular momentum on 
impact with the table. Therefore, the gymnast needs to generate enough angular velocity 
from the board so that this only results in a slowing down in rotation post-flight rather 
than a reversal of rotation seen in other vaults such as the Hecht. This principle is 
particularly important for handspring vaults with one or two somersaults in post-flight as 
the gymnast needs to create a large vertical reaction force and a small horizontal reaction 
force on impact with the vaulting table so that a large gain in vertical velocity is achieved 
and only a small loss of horizontal velocity. However, there is also a balance that needs 
to be struck between gaining vertical velocity and losing angular momentum, which could 
result in the gymnast ‘stalling’ mid-flight and not producing the required somersault 
rotation (Takei et al., 2003). This obviously poses a danger to the gymnast. However, the 
greater the vertical velocity that can be achieved in the post-flight phase the more time in 
the air there will be to complete the desired somersaults.   
 
2.1.2 The Tsukahara and Yurchenko Vault 
In modern gymnastics the two other most popular vaults are the Tsukahara and 
the Yurchenko. Even though they are both very different to the Handspring vault, with 
the Tsukahara seeing a ¼ to ½ turn entry on the vault and the Yurchenko a reverse entry, 
they both require very similar table touchdown conditions to be performed successfully. 
The Tsukahara also requires a gain in vertical velocity from the springboard, experiences 
a loss in vertical velocity in the pre-flight phase, a gain in vertical velocity from table 
contact and the entire action suffers a loss in horizontal velocity (Nelson et al., 1985; 
Dillman et al., 1985). Besides the rotation during the pre-flight phase, the main difference 
between the Handspring vault and the Tsukahara is a shorter pre-flight time and a longer 
contact phase on the table but this is due to the hand placement in this type of vault.   
The Yurchenko vault was introduced at International level competition during the 
early 1980’s. Up until this time the more popular choice of vaulting style was the 
Tsukahara vault (Kwon et al., 1990). Experimental studies have concluded that the 
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Yurchenko vault also requires similar initial conditions to both the Handspring and 
Tsukahara vaults (Nelson et al., 1985; Kwon et al., 1990; Bohne et al., 2000). Contact 
with the vaulting table for the Yurchenko vault favours a fully extended body positio n 
with an increased shoulder angle. These approach characteristics allow greater vertical 
velocity and angular momentum on dismounting the table, owing to the higher mass 
centre at vault contact. These descriptive findings have also been supported by studies 
that have attempted to optimise the Yurchenko vault performance (Koh et al., 2003a; Koh 
et al., 2003b; Koh et al., 2003c; Koh and Jennings, 2007). 
 
2.1.3 The Hecht Vault 
Although the Hecht vault is rarely performed in modern day competition it has 
received a lot of research attention in previous years for a number of factors. During the 
early 1990’s the Hecht vault was the men’s compulsory vault at international competit ion 
which resulted in performances by large numbers of gymnasts at the highest level. Data 
was collected and analysed for the Hecht vault at major competitive events: the 1993 
Canadian National Championships (Yeadon et al., 1998), and the 1995 World 
Championships (Takei et al., 2000a; Takei et al., 2000b). The fact that the Hecht vault 
also attracts attention due to the change in rotation following contact with the vault made 
it a unique skill to investigate as no other vault requires this change in direction. For a 
successful Hecht vault, experimental and theoretical studies have reported that the 
gymnast needs to approach the vault with a long, low flight path. This enables contact on 
the vaulting table with lower vertical velocity of the mass centre when compared to 
Handspring type vaults (Sprigings and Yeadon, 1997; Takei et al., 1998; Yeadon et al., 
1998; Takei et al., 2000a; Takei et al., 2000b; King and Yeadon, 2005). Consequently, 
this results in a reversal of rotation after contact with the vault due to a reversal in the 
total angular momentum of the gymnast, rather than just a reduction seen in continuous 
rotation vaults. Further studies (King et al., 1999) have also revealed that the Hecht vault 
benefits from greater horizontal approach velocity. This has advantageous effects on the 
height achieved after leaving the vault and with the backwards rotation generated. It 
appears that it is the vertical and angular velocity on impact with the vaulting table that 
needs to be more constrained. The gymnast needs to create sufficient backwards rotation 
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but also ample height so the feet do not make contact with the apparatus during the post-
flight phase.  
 
2.1.4 The Approach Run and Springboard Contact  
Previous sections have identified the need for sufficient horizontal velocity for all 
vault categories and this is generated by the gymnast in the approach run. It has also been 
suggested that the gymnast can add very little to the performance from contact with the 
vaulting table, so a successful vault depends largely on the approach and springboard 
phases (Prassas, 1999). However, there has been little research into the investigation of 
the approach run and board take-off phases in gymnastics vaulting. Those who have 
investigated this area have tried to find a relationship between the approach run speed 
and the judges scores (Sands, 2000). Although no relationship between approach speed 
and judges score was found, factors that were deemed more important by the judges such 
as form in the air and landing are dependent on higher approach speeds and generation 
of vertical velocity. Of the three vaults, the Yurchenko was reported to have the slowest 
approach speed in senior gymnasts, followed by the Tsukahara, and Handspring vaults 
emerging with the fastest approach speed. Male gymnasts have been found to have a 
greater approach velocity than females by up to 1 m.s-1 (Krug et al., 1998).   
During the approach phase, the gymnast is not only concerned with generating 
horizontal velocity but also the need to be accurate as this involves running at a target. 
Visual control strategy is an area that has been investigated in activities such as the long 
jump and triple jump. Several authors have found that long jumpers demonstrate a 
consistent approach run up until the last few strides where visual control strategies are 
utilised, alongside temporal and spatial adjustments to ensure a successful contact with 
the board (Lee et al., 1982; Hay and Nohara, 1990; Berg and Greer, 1995; Hay, 1998). 
These authors also concluded that all athletes adopted visual control strategies during the 
final strides of the long jump approach run to ensure successful contact with the board. 
This contradicts former coaching beliefs that long jumpers, should not deviate from a pre-
practiced approach run (Hay, 1993). Bradshaw (2004) and Meeuwsen and Magill (1987) 
have also discovered that gymnasts utilise visual control during the final two steps before 
the hurdle step on to the springboard, much in the same way as long jumpers. The authors 
state that this is essential in gymnastics vaulting since the errors accrued in the approach 
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phase need to be corrected to ensure accurate contact with the springboard. All of these 
events develop horizontal velocity during the approach run and begin to utilise visua l 
control strategies in the final steps towards the board to ensure a successful contact. The 
take-off in the long jump requires that the athlete generate vertical velocity whilst 
maintaining sufficient horizontal velocity much in the same way that the gymnas t 
develops vertical velocity from the spring board. 
At the end of the approach run the gymnast will perform a hurdle step on to the 
top section of the springboard and in doing so will generate vertical velocity and angular 
momentum for the pre-flight phase on to the vault table (Prassas, 1999). This will depend 
primarily on the position the gymnast adopts when contacting the board but also on the 
location of impact (Coventry et al., 2006; Sands et al., 2007), the amount of board 
deflection (Kreighbaum, 1974, Kreighbaum, 1979), the stiffness of the springboard 
(Sands, 2007) and the magnitude of the reaction force (Greenwood and Newton, 1996). 
Other studies have simply investigated the most appropriate methods to measure 
springboard reaction forces (Sano et al., 2004; Sano et al., 2007). 
 
2.1.5 The Landing 
It has been reported that the landing success rates during the vault and high bar 
events at the 2000 Olympic Games were less than 40% (McNitt-Gray et al., 2001) with 
unsuccessful landings resulting in a step forwards or backwards following contact with 
the surface. A successful landing would be defined as one where there are no steps or 
foot movements once in contact with the floor. There are a number of contributing factors 
that can influence a gymnast’s ability to land a skill successfully. In all elements where 
somersaults are performed the gymnast must leave the apparatus with sufficient angular 
momentum to complete the required rotations.  When the gymnast dismounts the 
apparatus there will be a specific amount of angular momentum generated to enable the 
completion of the required somersaults. Consequently, this angular momentum will 
remain until landing. Once the gymnast is airborne, due to the principle of conservation 
of angular momentum, there will be no external torques acting about the gymnast’s mass 
centre. As the gymnast will still be rotating, along with translational movement, when 
contacting the floor this needs to be controlled in order to prevent taking steps forwards 
or backwards (Prassas, 1999). To control the landing a gymnast needs to utilise the 
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angular impulse about the mass centre. Angular impulse is the product of torque and time. 
To help land safely and to prevent taking steps on landing a gymnast will also bend at the 
hips and knees. This increases the time over which the torque is applied but also lowers 
the mass centre, thereby reducing the moment arm. Gymnasts need to land with the mass 
centre an appropriate perpendicular distance from the feet otherwise there will be 
inevitable steps forwards or backwards on landing. 
 
In summary, there has been a large body of research conducted investigat ing 
vaulting techniques and mechanics. However, it is not only of importance to understand 
how such actions are performed but also the forces exerted on the human body during 
these skills as these may increase the likelihood of injury. The following sections will 
review the literature relating to these areas.  
 
2.2 Forces in Gymnastics 
2.2.1 Injury rates 
It has been noted that modern gymnastics places much greater demands on the 
individual than those who participated a few decades ago and that recent advances in 
equipment that produce higher performances may be raising the risk of injury (Stokstad, 
2004). Although inconsistencies in methodologies and the way in which an injury is 
defined varies from author to author, the majority agree that injury rates in gymnast ic s 
are higher than most other sports and there are trends that emerge (Lindner and Caine, 
1990; Meeusen and Borms, 1992; Sands et al., 1993; Hume, 1999; Kolt and Kirkby, 
1999). The part of the body that is most commonly injured in gymnastics is the lower 
extremity with injuries to the ankle, knee and toes. These types of injuries are mainly 
attributed to landings and it has even been suggested that the scoring of landings be re-
evaluated due to such high injury occurrences (Hunter and Torgan, 1983). This is 
followed by upper extremity injuries to the elbow and wrist, which are more frequently 
seen by male gymnasts due to apparatus demands from the high bar, rings, pommel horse 
and the parallel bars. Gymnasts tend to have more upper extremity injuries, when 
compared to other sports, due to the weight bearing nature of the sport and high impacts 
with equipment. Although more injuries are accounted for on floor apparatus, probably 
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due to tumbling activities, it has been suggested that high impact forces when combined 
with lumbar hyperextension, such as the vault contact phase and landings, may lead to 
injury (Hall, 1986).  
 
2.2.2 Impact Forces  
There is considerably more research investigating the kinematics of vault ing 
actions when compared to the kinetics of such skills. Given the difficulties in collecting 
forces during gymnastic actions this is not entirely surprising. However, considering the 
suggested link between external forces experienced during gymnastic impacts and injury 
researcher have investigated such forces. There has been some exploration into the 
reaction forces experienced by the gymnast, with values of 1860 N and 2100N being 
reported for the backwards handspring and somersault take-offs, respectively (Payne and 
Barker, 1976), and values of up to 13.6 bodyweights for a running forwards somersault 
(Miller and Nissinen, 1987). Measurements of up to 2.37 bodyweights have also been 
recorded for activities where the force is taken through the upper body, such as the back 
handspring on the floor apparatus. (Koh, et al., 1992). This equates to similar forces that 
are seen in walking activities (Cavanagh and Lafortune, 1980). Researchers have long 
been suggesting that there may be a link between external forces and injury (Nigg, 1983). 
During an upright landing sequence a gymnast flexes at the hips and knees to help 
attenuate some of these forces exerted on the lower extremities (McNitt-Gray, 2000). 
 
2.2.3 Equipment Contact 
Much of the previous section discussed ground reaction forces during take-off 
phases, although, there is very limited investigations into the reaction forces whilst the 
gymnast in is contact with apparatus. There have been values reported in the literature  
but they have not been gathered by direct measurement using force transducers. Much of 
the work conducted by the author Takei has calculated forces throughout the support 
phases of the spring board and the vaulting table. This research has used the impulse-
momentum relationship, which states that the change in linear momentum of a body is 
equal to the linear impulse that created the change. By re-arranging this known equation 
it is possible to determine the average forces throughout the contact times.  
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The mean averaged vertical forces reported for the handspring vaults (Takei, 1989; 
Takei, 1990) were up to 4.9 times the gymnast’s bodyweight during board support and 
up to 1.3 times the gymnast’s bodyweight for the vaulting table support phase. These 
values increased up to 5.2 and 1.5 for the handspring with 1½ somersaults (Takei, 1988; 
Takei and Kim, 1990; Takei, 1991). The mean vertical forces reported for the Roche vault 
(Takei et al., 2003) indicated average forces during the board support phase of 6.2 body 
weights and up to 1.6 times body weight for the vaulting table contact phase. However, 
it should be noted that this method only allows the calculation of average forces 
throughout the support phases on the spring board and vaulting apparatus. These cannot 
accurately represent the peak impact forces that the gymnast would experience whilst in 
contact with the apparatus. It is these peak forces that are more likely to cause injury to 
the gymnast.  
Dainis (1981) developed a mathematical model to represent a gymnas t 
performing a Handspring vault and calculated the maximum force during contact with 
the apparatus. This occurred during the phase this author terms ‘compression’, which is 
defined as the initial hand contact with the vault and ends when the radial velocity of the 
gymnast’s centre of mass becomes zero.  Values of up to 50 N/kg were experienced and 
although the author does not report the mass of the gymnast it could be assumed that it 
would not be much more than 60kg, which makes this value comparable to those reported 
by Takei (1989; 1990) for the same vault. 
With the exception of research by Takei, who has calculated average forces during 
equipment contact, to date there has been very little attempt to measure directly the forces 
a gymnast experiences whilst on the vaulting apparatus. One such study (Sano et al., 2007) 
has successfully measured the board reaction force and found that the peak horizonta l 
and vertical components were three and two times greater, respectively, than the average 
values previously reported in previous literature by Takei. Greenwood and Newton (1996) 
also reported forces of up to 7 times body weight during springboard contact. 
Due to the instrumentation needed it is not surprising, therefore, that little attempt 
has been made to measure the reaction forces experienced during vault contact. Rabah et 
al. (2005) did complete such an investigation and reported vertical forces of 2.5 BW 
whilst the gymnast was in contact with the vaulting table and argues that this value does 
not differ from values reported for the old style vaulting horse, yet no sources were 
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offered for this comparison. Seeley and Bressel (2005) reported vertical reaction forces 
of up to 2.8 body weights for the Yurchenko vault and Panzer et al. (1987) stated 2.4 
body weights for the Tsukahara vault.  Both authors highlighted that in such events the 
upper body joints become weight bearing and that these joints are not developed in the 
same way as the lower body to absorb such high forces.  
 
2.3 Landings 
2.3.1 Landing Forces 
In addition to the forces that a gymnast will experience whilst in contact with the 
apparatus high impact forces will also be experienced during landings. When 
dismounting from apparatus such as the rings, high bar and vault, a gymnast can land 
from several meters above the ground. It is during these landings that the gymnast is at 
great risk of injury as the body needs to be capable of controlling the reaction forces 
through the tendons, ligaments, bones and soft tissue. Gymnasts need to withstand these 
forces repeatedly throughout their competitive career which emphasises the need for safe 
landings otherwise the gymnast’s lower extremities are more likely to suffer from injury 
(McNitt-Gray et al., 2001). Therefore, this area has received more attention from 
researchers. Even if gymnasts are able to control their landing and prevent taking steps 
on landing, they must also endure the high ground reaction forces on impact (Prassas, 
1999). McNitt-Gray (1991) reported values of up to 10 times body weight for gymnasts 
during landings from a height of only 1.28 m (landing velocity of 5 m.s-1). 
 
2.3.2 Landing Strategy  
Several authors have looked at the consequences of landing from increasing 
heights (Dufek and Bates, 1990; McNitt-Gray, 1991; McNitt-Gray, 1993; McNitt-Gray 
et al., 1993; McNitt-Gray et al., 1994). In addition to finding increased ground reaction 
forces, they also show that there is an increase in hip and knee joint flexion and an 
increase in the landing phase duration. Santello and McDonagh, (1998) also reported that 
the onset of muscle activity is related to the distance from the contact surface (not the 
timing of the landing) and that muscle activation increases with greater landing heights.  
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This is in agreement with a similar study by Arampatzis et al. (2003) who also 
found that subjects increased muscular activity to create ‘stiffer’ landings from higher 
heights. It has also been reported that muscle co-contraction is needed for landings from 
heights greater than 1.05 m and that time to peak torque decreased as landing height 
increased (Yeadon et al., 2010). It should be noted though that in some of these studies 
the height used would not be representative of dismount landing heights from specific 
apparatus, such as the vault.  
Further studies that have looked at landing strategies with the use of mats have 
found that the addition of different mat conditions does alter the strategies used by 
gymnasts during landing (McNitt-Gray et al., 1993; McNitt-Gray et al., 1994). Gymnasts 
were found to exhibit similar joint angles when landing from a greater height onto a mat 
when compared to landing from a lower height with no mat. The authors suggest that the 
gymnasts are regulating their total body stiffness on landing, to allow them more room 
for error when landing on a mat to account for any unexpected events. This is supported 
by Santello (2005) who suggests that landing strategies will remain constant unless 
performed by a skilled athlete, such as a gymnast.  
However, other factors found to alter the landing strategy are the task being 
performed (McNitt-Gray, 2001) and increased mass (Caster and Bates, 1995). Conversely, 
the absence of vision does not affect the landing conditions from self-released free falls 
as long as the surroundings are previously known to the performer (Liebermann and 
Goodman, 2007) but can result in more varied vertical force values when vision is absent 
(Santello et al., 2001). Although some authors have found that variations in land ing 
technique can reduce external peak forces by up to 22% (Gross and Nelson, 1988) others 
have shown that a reduction in external ground reaction forces may actually result in an 
increase in internal loading (Mills et al. 2009) as internal loading is dependent on the 
landing strategy adopted and muscle activation patterns. 
 
2.3.3 Landing Surfaces 
The influence of different landing surfaces has also been shown to affect the way 
in which an individual will prepare for landing. Using EMG, muscle pre-activity and 
control of body segments has been shown to alter depending on the stiffness of the 
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landing surface (Lees, 1981; Fukada et al. 1987; Devita and Skelly, 1992). Results 
showed similar peak forces when landing on soft and stiff surfaces as subjects had less 
muscle pre-activity when preparing to land on the stiff surface. Therefore, subjects were 
consciously fixing joints less rigidly in preparation for landing on a stiff surface.  
Zatsiorsky and Prilutsky (1987) and Dufek and Bates (1990) have also identified a high 
correlation between the stiffness on landing and peak ground reaction force, highlighting 
the need for greater consideration of the interaction between the gymnast and landing 
surface.  
Arampatzis et al. (2002) constructed landing mats of hard, medium and soft 
properties. Although it was reported that there were no differences in peak forces on the 
different mat surfaces it should be noted that the authors enforced different landing 
strategies on the different surfaces rather than allowing the participants to self-regula te 
their landings. They did report differences in peak forces for the different landing 
strategies. A similar investigation looked at the result of developing landing mats with a 
stabilising surface but reported very little variation on ankle stability factors and mat 
depression between the modified and standard mat surfaces (Arampatzis et al., 2005). 
Peikenkamp et al. (1998) reported that hard surfaces produced greater passive peaks and 
average loading rates when compared to elastic surfaces. Perez-Soriano et al. (2010) also 
concluded that while harder landing mats may result in higher loads, softer landing mats 
also present an injury risk due to greater excessive eversion of the medial and lateral 
forefoot joints. They went on to suggest that landing mats should aim to combine a 
reduction in external loading and increased foot stability. Arampatzis et al. (2003) also 
conclude that while softer mats may result in better impact absorption there will be 
increased foot motion due to greater mat deformation. 
Researchers (McNitt-Gray et al., 2001a) have commented on the need for greater 
communication between equipment manufacturers, coaches, scientists and the F.I.G. so 
that the interaction between the gymnast and equipment is given due consideration. In 
addition to this, it has also been suggested that current surface standards are based on 
tests using a repetitive, rigid impactor which does not give a valid measure on the 
gymnast-mat interaction (McNitt-Gray et al., 2001b). Competitive landing mats are used 
by gymnasts of different masses and gender yet no testing has been implemented to 
confirm that a single mat construction is suitable for all. It should therefore be suggested 
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that the interaction between the surface and the gymnast is given some attention, 
particularly with regards to gender and mass.   
 
2.4 Chapter Summary 
In conclusion, there have been many experimental studies that offer descriptive 
detail on the vaults performed and there have also been investigations using simulat ion 
models that allow performances to be optimised. Previous research has led to a greater 
understanding of how vaults are performed and how these techniques may be improved. 
Some consideration has also been given to the importance of the vault run up and 
subsequent contact with the springboard. However, there has been much less research in 
to the area of how the gymnast interacts with the apparatus and the resulting contact 
forces.  
It has been reported that gymnasts suffer from particular injuries with focus being 
on the lower extremities due to landings, but also upper extremities due to the weight 
bearing nature of the activities within the sport. Despite this there has been limited 
research investigating the forces whilst the gymnast is in contact with the vault ing 
equipment. Given the instrumentation difficulties this would present this is not entirely 
surprising.  
One area that has received more attention is gymnastic landings. Landings are 
required when gymnasts dismount from various pieces of equipment, including the 
vaulting apparatus. This can result in high peak landing forces. To cope with the demands 
of landing forces gymnasts are known to use different landing strategy techniques, such 
as: varying joint kinematics and muscle activation patterns. Landings can also be 
modified based on the stiffness of the landing surface. Many of the previous studies have 
investigated landing forces without the use of landing mats which brings in to question 
the external validity of such tests. To fully understand the interaction between the 
gymnast and the landing mat surface testing would need to be conducted with both in 
place. Understanding how different landing mats may affect the peak vertical forces a 
gymnast will experience is vital if recommendations on landing mat construction are to 
be made.  
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Therefore, it is the aim of this research to measure landing forces with the use of 
F.I.G. testing standard landing mats. An additional aim is to develop a simple spring-
mass model of the gymnast-mat system to investigate how varying the mat properties 
may alter the peak landing forces.  
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CHAPTER 3 
EVALUATION OF EXPERIMENTAL PROTOCOLS FOR 
MEASURING LANDING MAT PROPERTIES 
 
3.1 Introduction 
Previous research has either investigated gymnastics landing forces without the  
use of mats (McNitt-Gray, 1991) or has modified landing mats so that ground reaction 
forces could be recorded (Pain et al., 2005). However, by altering the landing condition 
from normal competitive and training practice there could be an observed difference 
between the actual and measured ground reaction force. It was therefore necessary to 
establish whether force traces recorded experimentally with a force platform, with the 
additional use of standard landing mats, allows an accurate and reliable representation of 
landing forces.  Those who have collected force data with the use of landing mats have 
not fully reported their procedures or described any methods to overcome experimenta l 
difficulties with such procedures (Hall, 1986; McNitt-Gray et al. 1993). Therefore, this 
chapter discusses the equipment and testing procedures that have been followed to 
achieve a suitable method for measuring ground reaction forces through gymnast ic s 
landing mats for impactor drops and gymnast landings. Experimental methods described 
and results presented in this chapter were used to develop the final data collection 
techniques used for determining landing mat properties (Chapter 5) and analysis of 
gymnast landings (Chapter 6).  
 
3.2 Previous Landing Mat Testing 
Previous authors have researched and commented on the link between external 
forces influenced by the type of sport playing surface and their relation to injury (Denoth 
and Nigg, 1981; Nigg, 1983; Nigg and Yeadon, 1987; Nigg, 1990; Peikenkamp et al., 
2002) and have also highlighted the need for specific testing of sports surfaces, includ ing 
gymnastics landing mats. There are currently two methods to determine the 
characteristics of a landing surface: material tests and subject tests. Material tests use an 
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object of a given mass to impact the test surface from a known height from which the 
surface characteristics can be defined, whereas a subject test uses an athlete to perform 
particular actions on the test surface to determine its characteristics. The advantage of 
material tests is that they are highly reliable and repeatable but they do not represent the 
interaction of the athlete with the surface. There are also problems with material tests 
based on the size of the dropped mass used and the height from which it is dropped with 
regards to replicating human performance (Nigg and Yeadon, 1987).  
 
3.2.1 F.I.G. Testing Procedures  
All manufactured gymnastics equipment must conform to the specifications and 
standards outlined by the F.I.G. The F.I.G. (2006) clearly outline the testing procedures 
used on landing mats. They state that the impactors used to test 200 mm thick mats should 
be 20 ± 0.2 kg and have a flat contact surface with a diameter of 100 ± 5 mm. This 
impactor is repeatedly dropped on to nine separate locations equally spaced on the mat 
from a height of 0.8 m. The outcome of these testing procedures would be measurements 
on maximum force, deflection and height of rebound. The F.I.G. states that the objectives 
of such tests are to provide equal opportunities for all gymnasts by controlling the 
functional properties of the equipment. This results in minimal difference between 
equipment used in all training and competition situations. Controlled impactor tests are a 
suitable method for carrying out these objectives but the obvious limiting factor is the 
lack of consideration for the gymnast-mat interaction.  
Only using a single defined mass for impact testing would present particula r 
limitations as this would only realistically represent a very small range of gymnasts. 
These types of mats are used by both male and female gymnasts from junior through to 
senior age groups, and are therefore used by a wide range of individuals with different 
masses. Additionally having such a small contact surface area is not representative of the 
gymnast’s feet at mat touchdown. The 0.8 m drop height only generates an impact vertical 
velocity of 3.96 m.s-1. This largely underestimates the touchdown velocities seen in 
gymnastics apparatus landings. In particular, vault landings are in the region of 4.48 – 
5.79 m.s-1, for male and female gymnasts (Takei, 1990; Takei, 1991).  
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Nigg (1990) has also pointed out that external forces from such material tests do 
not necessarily relate to the internal forces experienced by an athlete, and should only be 
used to provide an insight into the forces relating to injury. More recent research into this 
area has shown that a reduction in external ground reaction forces during gymnast ic s 
landings may not always see a decrease in internal joint reaction forces (Pain et al., 2007) 
but the authors highlight that further development of a more complex muscle-driven 
model is needed to investigate this problem fully (Mills et al., 2008). 
 
3.3 Experimental Equipment  
 Various experimental set-ups were implemented throughout testing and a brief 
background for each piece of equipment is provided. Alongside this makes, models and 
set-up procedures are provided for each piece of equipment that have been used 
throughout this research. 
 
3.3.1 Force Platforms 
During a sporting action an athlete will experience many external forces such as: 
air resistance, gravity, friction and contact forces. Air resistance, gravity and friction can 
be calculated by mathematical formulae whereas it is much more difficult to determine 
contact forces in this way. Contact forces are those created when an athlete comes into 
contact with another object and these are more easily determined by direct measurement. 
This is most commonly done with the use a force platform. This is a device which is 
situated in the ground and is secured in place with concrete so as to avoid any unwanted 
vibrations. An athlete can then walk and run over, or jump onto, the force platform and 
the device will measure the vertical, anterior-posterior and medio-lateral forces during 
the action. Newton’s third law states that for every action there is an equal and opposite 
reaction, so as an athlete contacts the force platform they exert forces downwards, 
forwards and backwards and side to side. The force platform will then record the reaction 
forces in Newtons. Force platforms either use piezoelectric crystals (e.g. Kistler) or strain 
gauges (e.g. AMTI, Advanced Mechanical Technology Incorporated) to measure these 
forces. An accurate and reliable force platform should be able to measure a wide range 
of forces (particularly in the vertical direction), have high linearity, a high natural 
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frequency, low hysteresis, low cross-talk between channels and have a suitable 
temperature operating range (Lees and Lake, 2008). A typical force platform will have a 
contact surface area of 600 x 400 mm (Kistler), however larger platforms of 600 x 1200 
mm (AMTI) are also available.  
The force platform used for all testing in this research was an AMTI BP6001200-
400, with a surface area of 600 x1200 mm operating at a sampling frequency of 1000 Hz. 
Wooden boards (600 x 1200 mm) were also attached using screws (one in each corner) 
to the force platform. The screws were flush with surface level and the board was the 
same level as the surrounding floor area (Figure 3.1). 
 
Figure 3.1. AMTI force platform with wooden boards attached 
3.3.2 Motion Capture Systems 
Video analysis can be carried out using a two-dimensional or a three-dimensiona l 
system. A two-dimensional analysis of an athlete’s technique would only require one 
camera and is appropriate for instant qualitative feedback. More often though, a full three-
dimensional analysis is carried out in sport biomechanics and this requires at least two 
synchronised cameras so that the image can be reconstructed via Direct Linear 
Transformation (DLT). High speed cameras are now readily available (e.g. Phantom, 
Vision Research) which can record up to speeds of 1000 Hz. The drawback of high speed 
video is that the recording still requires manual digitising which can be very time 
consuming and cumbersome. 
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Such high framing rates are also available with automatic tracking systems (e.g. 
Vicon, Oxford, UK). These systems are multi-camera systems that automatically track 
passive retro-reflective markers which reflect the red light emitted by L.E.D. lights from 
around the camera lens. This light is then picked up by the cameras and marker 
coordinates are recorded (Milner, 2008). Figure 3.2 shows an individual Vicon camera 
with the red L.E.D. lights and multiple cameras surrounding an experimental set-up 
volume.  
 
 
 
 
 
 
 
Figure 3.2 A single Vicon camera with red L.E.D. lights (left) 
and multiple cameras in an experimental set-up (right) 
 
All kinematic data for this research was recorded with a Phantom (4.1s) high 
speed camera operating at 500 Hz. The high speed camera was calibrated using a static 
calibration object to allow for linear scaling. The primary use of the high speed video was 
to visually identify contact points. 
Additionally a Vicon (Oxford, UK) MX13 multi-camera system operating at 500 
Hz was used. Mixtures of fixed, short and long lens Vicon cameras were used and placed 
around the capture volume. There were thirteen cameras in total. The Vicon motion 
analysis system was subject to a static and dynamic calibration within the volume of 
interest and a full body marker set was used on all gymnasts (Figure 3.3).  
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Figure 3.3 Subject with full body Vicon marker set 
(Marker Labels: RFHD right front of head, LFHD left front of head, RBHD right back of head, LBHD left back of head, RSHO right 
shoulder, LSHO left shoulder, CLAV clavicle, STRN sternum, C7 cervical 7, SCAP scapula, T10 thoracic 10, RASI right anterior 
superior illiac, LASI left anterior superior illiac, RPSI right posterior superior illiac, LPSI left  posterior superior illiac, RELB right 
elbow, LELB left elbow,  RWRA right wrist medial, RWRB right wrist lateral, LWRA left wrist medial, LWRB left wrist lateral, 
RFIN right finger, LFIN left finger, RTHI right thigh, LTHI left thigh, RKNE right knee, LKNE left knee, RTIB right tibia, LTIB 
left t ibia, RANK right ankle, LANK left ankle, RTOE right toe, LTOE left toe, RHEE right heel, LHEE left heel) 
 
3.3.3 Synchronisation 
When using multiple set-ups it is necessary to synchronise the equipment so that 
all significant events (e.g. contact points) can be identified at the same point in time in all 
data sets. It is possible to have a small voltage (e.g. 1.25 V) as an input signal which will 
be presented as a square wave on the Vicon system. The same voltage can also be used 
to trigger timing lights which are sequenced 0.001 seconds apart. These timing lights 
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would need to be in full view of the video cameras and therefore allow synchronisat ion 
between these systems. This signal can also be used as an external trigger on the force 
platform to allow full synchronisation between all of the equipment. Within this research, 
systems were synchronised via timing lights (figure 3.4) recorded onto high speed video, 
an external trigger for the force platform and a corresponding voltage (square wave) 
appearance on the Vicon system.  
 
 
 
 
 
Figure 3.4 Timing lights 
3.3.4 Landing Mats 
In addition to the equipment that has already been discussed, several custom 
equipment set-ups were implemented. A full sized gymnastics landing mat is 3000 mm 
in length, 2000 mm in width and 200 mm in depth. An additional supplementary landing 
mat placed on top is 100mm in depth (F.I.G. Apparatus Norms, 2011). These are the 
standard mats used in vaulting competition.  The landing mats were placed directly over 
the force platform and the dimensions of the plate were marked out on top of the mats so 
that all contacts were known to be directly over the force platform surface (Figure 3.5). 
 
 
 
 
 
 
Figure 3.5. 200 mm landing mat placed over the force platform ((left) and with the additional 100mm 
landing mat placed on top (right). (white lines indicate the force platform dimensions underneath) 
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3.4 Pilot Testing One 
It was necessary to determine if a full sized competition mat would be suitable for 
collecting ground reaction forces during landings as it was expected that some of the 
force may be dissipated by the mat outside the area of the force platform and would not 
be recorded. This was tested by positioning the full sized landing mat over a force 
platform. The dissipation of force could be confirmed via the comparison of the impulse 
calculated from the force trace and the impulse calculated from video footage. This was 
established with the use of the impulse – momentum relationship (Equation 3.1). The 
objects mass is known, along with the initial velocity just before impact determined from 
Vicon/video data. The final velocity would be zero when the object had come to rest. The 
velocity of the object was then compared to the velocity calculated from the impulse 
measured from the force platform over the same time period. This established how much 
force was being transmitted through the landing mats to the force platform (Equation 3.1). 
Only once these procedures had been confirmed as suitable was further refinement of the 
testing protocols carried out.  
 
 𝐼𝑚𝑝𝑢𝑙𝑠𝑒 = 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑀𝑜𝑚𝑒𝑛𝑡𝑢𝑚  (Newton’s II Law) 
 
∑ ∫ 𝐹𝑡 =  𝑀𝑉𝑓 − 𝑀𝑉𝑖 
 
 
𝑉𝑓  − 𝑉𝑖  =  
𝐹𝑡
𝑀
 
(Equation 3.1) 
   
 (𝐹 = 𝐹𝑜𝑟𝑐𝑒, 𝑡 = 𝑡𝑖𝑚𝑒, 𝑀 = 𝑀𝑎𝑠𝑠,𝑉𝑓 = 𝐹𝑖𝑛𝑎𝑙 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦, 𝑉𝑖 = 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦)  
 
3.4.1 Impactor Drops  
High speed video footage was collected alongside force data of an impact object 
being released onto various landing mat conditions on top of the force platform. As this 
was initial pilot testing drop heights were not accurately controlled.  
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Landing Mat Conditions:  
 
 Force platform only – single drop height  
 35 mm thick mat (force platform size) – single drop height  
 One mat: 200 mm thick mat (full size) – varying drop heights 
 Two mats: 200 mm thick mat + 100 mm thick mat on top (both full size) – 
varying drop heights 
 
The impact object (10 kg medicine ball) was manually released from various heights. 
The ball was thrown vertically in the air at release so that the ball was only falling under 
the influence of gravity once it began its descent. The video footage was subject to linear 
scaling using the static calibration object. The footage was then digitised (Quintic 9.03 
v14) and the final velocity at impact was determined via the total displacement of the ball 
during the drop and using the equations of constant acceleration.  
The results from the different conditions are shown in Table 3.1. These values 
represent the percentage differences in the initial vertical velocity calculated from video 
and force data. The pattern shows a greater difference in vertical velocity as the mats get 
thicker and as the ball is released from higher heights. It was assumed that the difference 
between the vertical velocities when there is no mat over the force platform should be 
zero, so the 0.5% difference in velocities produced from this condition could be 
considered the error between the two methods for calculating impulse alongside the 
inaccuracy of the video digitising method for determining vertical velocity. The positive 
value for the 35 mm mat condition could also be due to the fact that this was the same 
size as the force platform.  
For both the one and two landing mat conditions (full sized) there was a reduction in 
vertical velocity calculated from the force platform compared to the high speed video in 
all cases. This could be due to the landing mat over hanging the force platform and factors 
such as where the impactor contacts the mat in relation to the force platform underneath. 
However, even when these factors are taken in to consideration, the percentage difference 
for the one mat condition is reasonable for all heights (less than 4.3%). The values when 
there were two mats in place over the force platform show a difference of up to 17.7%.  
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Although some force was dissipated by the landing mats during this init ial pilot 
testing at least 82.3% of the vertical force was being transmitted to the force platform 
underneath. This amount of force would still be representative of the movement so further 
testing was conducted with gymnast landings.  
 
Table 3.1. Mean (± SD) vertical velocity (m.s -1) and percentage difference (%) calculated via video  
and force data for a 10 kg object dropped on to varying landing mat set-ups 
            
Drop Height   Video  Force    Percentage  
Difference  
                
Force Platform Only 
Low    4.72 (0.06) 4.75 (0.06)  0.5  
            
35 mm Mat (same size as the force platform)  
Low    4.77 (0.06) 4.93 (0.10)  3.8   
            
200 mm Mat (full size)  
Low    5.17 (0.03) 4.99 (0.01)  -3.6   
Medium   5.62 (0.03) 5.61 (0.21)  -1.1   
High    6.05 (0.00) 5.79 (0.16)  -4.3  
            
200 + 100 mm Mat (full size)  
Low    4.81 (0.08) 4.14 (0.03)  -13.9 
Medium   5.51 (0.12) 4.36 (0.53)  -15.6 
High    5.96 (0.05) 4.91 (0.08)  -17.7 
            
 
3.4.2 Gymnast Landings 
The first subject testing used a male gymnast with a mass of 76.9 kg.  Simila r 
procedures were used to the previous impactor drop tests but the kinematic data was now 
collected with a Vicon system and full body marker set.  The gymnast jumped from a 
platform onto the different landing mats placed directly over the force platform. The two 
conditions tested were one competition landing mat (3000 x 2000 x 200 mm) and then 
with a softer landing mat (100 mm thick) placed on top.  The gymnast was landing within 
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the appropriate range of velocities (4 - 5 m.s-1) on impact but these values did vary as this 
initial equipment set-up did not control for this.  In addition to the force platform a high 
speed camera was used to collect images of the gymnast’s feet contacting the landing 
surface so that contact point could be determined. Point of contact was defined as the first 
frame where the gymnast’s foot contacted the landing mats.  
Centre of mass coordinates were exported from the Vicon software and recorded 
for the final 10 frames before impact. Vertical displacement was calculated and 
differentiated with respect to time to give vertical velocity. The vertical force data was 
integrated with respect to time to give the impulse from initial contact through to the end 
of the trial. The total impulse was the sum of the impulse over this phase.  An average 
weight of the subject and mat on top of the force platform was measured and removed 
from the entire trace before calculating impulse. Additionally, the force trace had to be 
corrected to account for the reduction in weight being received by the force plate. This 
was so that later calculations using the subject’s mass and impulse to determine velocity 
would be representative.  
When landing on one mat the difference in vertical velocity was 17.4%, and 29.6% 
when landing on two mats. These difference values were higher than observed for the 10 
kg impact object but a significant amount of force (up to 82.6%) was being transmit ted 
from the top of the landing mat to the force platform underneath. To continue collecting 
ground reaction forces through full sixed landing mats a few areas needed further 
refinement to ensure a more valid and consistent protocol.   
 
3.4.3 Conclusions  
Initial pilot testing collected ground reaction forces from impactor drops and 
gymnast landings through full sized competition landing mats. The vertical velocity 
calculated from the force trace and Vicon data were compared to establish whether 
sufficient forces were being transmitted through the landing mats to the force platform. 
At least 82.3% of the force was being transmitted to the force platform for the impactor 
drops and 70.4% for the gymnast landings. It was concluded that the initial set-up gave 
reasonable results but further testing needed to be completed using more consistent 
landing velocities and gymnasts of different masses.  
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3.5 Pilot Testing Two 
A mass impactor needed to be released from a known and consistent height to 
achieve specified contact velocities. To accomplish this, a rig and pulley system was 
developed with a magnetic release system. The impactor was raised above the marked 
out landing area and then released via a remote switch for the magnet. Figure 3.6 shows 
this system suspended above the landing mats and the impactor after it has been released 
and landed on the mat. The impactor consisted of a square wooden base that had the 
approximate area of a gymnast’s feet at landing (contact area = 250 x 250 mm). The 
impactor had four Vicon markers attached, one in each corner so it could be tracked 
throughout the flight and contact phases. 
 
 
 
 
 
 
 
 
 
Figure 3.6 The rig and pulley system for the mass impactor 
 
Additionally, a trapeze was also put into practice for the gymnast landings. Again, 
this was to ensure that all landings were completed with consistent landing velocitie s. 
Figure 3.7 shows a gymnast suspended above the landing area and after release at landing. 
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Figure 3.7 Gymnast suspended from trapeze and landing onto landing mats over the force platform 
 
3.5.1 Gymnast Landings 
A male (76.9 kg) and female (24.2 kg) gymnast performed all trials. The 
equipment set up involved the use of the Vicon motion analysis system, high speed video 
and a force platform as described in the previous sections. This set-up also implemented 
the use of a trapeze (Figure 3.6). This trapeze could be altered in height to match the 
range of impact velocities for vaults reported in the literature. Values for male gymnast s 
range from 5.07 – 5.79 m.s-1 and 4.48 m.s-1 for females (Takei and Kim, 1990; Takei, 
1990; Takei, 1991). Later analysis revealed that the male gymnast landed with a vertical 
velocity of 4.98 m.s-1 on one mat and 4.97 m.s-1 on two mats. The female gymnast landed 
with a vertical velocity of 4.29 m.s-1 onto one mat. Both gymnasts were instructed to land 
in a manner that they were comfortable with and that represented a competition landing, 
i.e. no steps, jumps or hops. Any trials where the gymnast stepped or wobbled on landing 
were discounted. The male gymnast performed trials onto both one and two mat landing 
conditions whereas the female gymnast only performed landings onto one mat due to 
fatigue. 
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When landing on one mat the percentage difference in vertical velocities between 
the force platform and Vicon data was 27.9% for the male gymnast and 17.9% for the 
female gymnast. A difference of 28.8% was also found for the male gymnast when 
landing on two mats (Table 3.2).  
 
Table 3.2. Mean (± SD) vertical velocity (m.s -1) and percentage difference (%) between values  
calculated via Vicon and from the force data for a male and female gymnast 
            
Condition    Vicon  Force    Percentage 
    Data (m.s -1) Trace (m.s -1)  Difference (% )  
            
Male Gymnast 
One Mat   4.98 (0.04) 3.60 (0.11)  -27.9  
Two Mats   4.97 (0.04) 3.54 (0.08)  -28.8  
            
Female Gymnast 
One Mat   4.29 (0.02) 3.47 (0.43)  -17.9   
            
 
3.5.2 Impactor Drops 
Data was collected with the Vicon motion analysis system, high speed video and 
force platform. The landing mats were placed over the force platform with the contact 
area marked out as in previous data collections. The system was synchronised via timing 
lights.  
The gymnast landing peak forces highlighted in Table 3.3 were used as 
benchmark data for the impactor drops. These peak forces were matched via the impactor 
drops so that landing mat properties could be determined.  
The mass was dropped from the same height as during the gymnast landings so 
that the impact velocities matched those of the gymnasts. Later calculations revealed that 
the impactor was contacting the mat at 4.82 m.s-1 for the impactor representing the male 
gymnast and 4.09 m.s-1 for the impactor representing the female gymnast which are 
comparable to landing velocities shown in Table 3.2. Lower and upper limits were then 
determined for the impactor masses dropped. The lower impactor mass of 6.65 kg 
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represented the peak force of female gymnast landing on to one mat. The upper impactor 
mass of 26.65 kg represented the landing force of the male gymnast landing on to two 
mats. The comparison of gymnast and impactor landing forces (peak force, time to peak 
force, impulse up to first peak) are show in Table 3.3. 
 
Table 3.3. Mean (± SD) peak vertical force (N), time to peak force and impulse (Ns) for a male  
and female gymnast and an impact object 
            
Condition   Peak   Time to  Impulse 
    Force (N) Peak Force  (up to peak) (Ns) 
            
Male Gymnast  
One Mat   3765 (250) 0.057 (0.003) 83.34 (9.33)  
Two Mats   3557 (292) 0.075 (0.002) 91.21 (5.35)  
            
Male Impact Object  
One Mat (16.65 kg)  3704 (53) 0.028 (0.003) 41.11 (1.34)  
Two Mat (26.65 kg)  3396 (463) 0.043 (0.003) 60.28 (12.72)  
            
Female Gymnast  
One Mat   1627 (78) 0.042 (0.002) 82.52 (10.07)  
            
Female Impact Object 
One Mat (6.65 kg)  1735 (26) 0.025 (0.003) 15.78 (0.75)  
            
 
Following the matching of the lower (6.65 kg for a female gymnast) and upper 
(26.65 kg for a male gymnast) impactor drop masses, a range of masses, in 5 kg intervals, 
were dropped onto one and two landing mats. The range of impactor masses were also 
released from a range of heights 0.5 m, 1.0 m and 1.5 m to represent a range of touchdown 
velocities, 3.13 m.s-1, 4.42 m.s-1 and 5.42 m.s-1, respectively. These impactor drops were 
considered to be an appropriate range of velocities seen by recreational and competit ive 
gymnasts, as previously described.  
Analysis of impactor drops onto one mat data revealed the range of velocit ie s 
from 2.81 – 5.47 m.s-1 and peak forces of 1781 – 4454 N for all impactor masses and 
  
39 
 
drop heights. Comparison of the Vicon and force data revealed a percentage difference 
in vertical velocities ranging from 3.7 – 15.7%. Analysis of the impactor drops onto two 
mats showed similar results with velocities ranging from 2.91 – 5.37 m.s-1 and peak forces 
of 738.3 – 3552.3 N. The percentage difference in vertical velocity ranged from 4.7 – 
27.6%.   
Further comparison of the gymnast landings and impactor drops revealed that the 
impact object takes less time to reach peak force and this therefore lowers the total 
impulse (Figure 3.8). On landing, a gymnast will try to increase the time over which the 
force is experienced to reduce the chance of injury. The gymnast will achieve this by 
bending at the knee and hip joints. No such method is possible with the impactor which 
explains why the peak force value is achieved in a much shorter time period. This 
confirmed that matching only the peak force from the gymnast landings to the impactor 
drops was a suitable approach to ascertain the mat properties.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8 Example landing forces for the male gymnast (solid line) 
and the impactor object (dashed line) (contact at 0.00 seconds) 
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3.5.3 Conclusions 
 With the addition of the trapeze for the gymnast landings on to one and two 
landing mats the landings were more consistent with regards to the landing velocity. The 
gymnast velocities were between 4.29m.s-1 and 4.98 m.s-1. These are comparable to those 
reported in literature. Additionally, the vertical velocity comparison between the force 
and Vicon data revealed that just over 70% of the force was being transmitted to the force 
platform.  
 Once the peak landing forces for the gymnast’s landings were known, impactor 
drops could be performed to match these peak forces using a rig and pulley system. It 
was concluded that the lowest mass needed to represent the female gymnasts landing 
forces was 6.65 kg and the greatest mass needed to represent the male gymnast landing 
forces was 26.65 kg. Once this had been established a range of masses, from a range of 
heights, were dropped onto one and two landing mats to establish the landing mat 
characteristics. Similar to the gymnast landing trials, just over 70% of the force was being 
transmitted to the force platform.  
 Further gymnast landings and impactor drops had been successful in determining 
more consistent contact vertical velocities and dissipation of force. However, as there 
was still up to 30% of the landing forces being dissipated by the landing mat being placed 
over the force platform it was deemed worthwhile to investigate the protocol and 
equipment set-ups further before final data collection was carried out.  
 
3.6 Pilot Testing Three 
 Before final landing data was collected from gymnast landings and impactor 
drops several calibration and equipment testing procedures were conducted to minimise 
error in the final data. The final experimental set-up for the force platform and landing 
mats were also reviewed. 
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3.6.1 Force Platform Triggers 
During Pilot Testing One and Pilot Testing Two the force platform had been set 
with a 10% pre-trigger using an external trigger with a collection time of 5 seconds. This 
was so that the trigger could be set off as the impactor/gymnast contacted the mat 
knowing that an appropriate length of time had been collected prior to touchdown. All 
settings and calibration entries were checked on the force platform and re-entered. Centre 
of pressure tests revealed that the force platform was calibrated to the correct size and 
was reading accurately. As the force platform had been triggering on a 10 % pre-trigger 
tests were completed to check the accuracy of this. The force platform was struck at the 
same instant as pressing the external trigger. Although there is no way of accurately 
completing this task simultaneously with full confidence, the difference in the pre-trigger 
was quite varied. It was concluded that all future trials would be conducted without the 
use of a pre-trigger and increase the trial length to 10 seconds so that all data can be 
collected within the time period.   
 
3.6.2 Contact Points 
It was concluded that timing lights and high speed video were no longer needed 
within the data collection set-up. A more quantitative decision on contact points could be 
made via the use of a static ankle/impactor Vicon marker level.  Once the impactor or 
gymnast (one corner or one ankle marker) has passed through this static level, contact 
could be confirmed. 
 
3.6.3 Synchronisation Tests 
As the timing lights were no longer needed to establish the contact points only the 
force platform and the Vicon system needed to be tested for accurate synchronisation. 
This was done by dropping a Vicon marker on to the force platform. The synchronisat ion 
trigger was used to start the force platform and also place a square wave on to the Vicon 
system. The time between the start of the force trace and the first contact should have 
been the same as the time difference between the square wave and the markers lowest 
point in Vicon. It was concluded that the force platform lags behind the Vicon system by 
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a mean of 5 ms (range 4 - 6 ms). This calibrated synchronisation offset would therefore 
be accounted for in all further data analysis. 
 
3.6.4 Force Platform and Landing Mat Set-Ups   
Further consideration was given to the percentage difference in vertical velocity 
values, which represents the transmission of force through the landing mats to the force 
platform. The difference in vertical velocities from Pilot Testing Two was 28.8% for 
gymnast landings and 27.6% for the impactor drops. This results in approximately only 
70 % of the force data being measured by the force platform.  
The AMTI force platform had a surface area of 600 x 1200 mm. A custom built 
platform was constructed and attached to the top of the force platform which enlarged the 
platform surface to 1200 x 1200 mm.  
Various mat set-ups were tested (conditions outlined below) with a single 
impactor mass (16.65 kg) dropped from a height of 1.5 m to represent vertical landing 
velocities of approximately 5.5 m.s-1. Other landing mat set-ups from previous research 
(Mills, 2005) were tested alongside the full sized landing mats to give some comparison.  
Force Platform and landing Mat Variations:  
 Standard force platform and competition landing mat  
 Standard force platform and small mat (cut out)* 
 Standard force platform and small mat plus surround* 
 Enlarged force platform and competition landing mat 
 Enlarged force platform and small mat (cut out)* 
 Enlarged force platform and small mat plus surround* 
 
* Previous work (Mills, 2005) has used custom made gymnastic landing mats built to fit the size 
of the force platform (600 x 1200 mm).  
 
The enlarged force platform demonstrated a reduction in the difference between 
the vertical velocities. This was reduced to less than 4.2% when used with a full sized 
landing mat. Although the full sized landing mat did not demonstrate the smalles t 
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difference in vertical velocity on the enlarged plate (cut out mat without/with surround = 
1.0 – 3.3%) it offered the most ecologically valid set-up. The enlarged force platform 
showed improved agreement between the vertical velocities so further subject testing was 
conducted to confirm that these methods were appropriate for all final data collection.  
Subject testing was therefore carried out on the enlarged force platform plus the 
competition landing mat as this set-up provided the most realistic set-up during training 
and competition environments. A male (71.6 kg) and female (29.9 kg) gymnast were used. 
A similar set-up was used as described in previous sections where the gymnasts were 
suspended over the landing mat area. The landings from the male gymnast exhibited only 
a 1.2 % difference in vertical velocity on one landing mat and 2.4 % difference on two 
landing mats. The landings performed by the female gymnast demonstrated a 10.3 % and 
6.0 % difference in vertical velocity for the one and two landing mats, respectively. 
 These values were much lower than with previous experimental set-ups and 
demonstrate that the larger force platform surface is much more adequate at minimis ing 
the difference in force between the surface of the mat and the force platform. However, 
at the end of each force trace there was a significant increase in weight when compared 
to the known relative mass of the gymnast. This was more apparent for the two landing 
mat condition. Due to the error at the end of each force trace, further consideration was 
given the experimental set-up with regards to the landing mats.  
As the force platform had been enlarged by placing an extra platform on top of the 
force platform surface the level of the plate was now above that of the surrounding floor 
surface. Previous testing had seen the force platform flush with floor surface. The force 
platform now suspended the centre of landing mat above the floor level and the edges of 
the mat rested on the floor. Once the impactor/gymnast had made contact with the mat 
the edges were pulled in on top of the force platform which created extra weight at the 
end of the trials that was not accounted for at the start of the force trace. 
 In light of this some static tests were performed to check that the force platform 
was reading the correct weight of an object under different mat conditions. A known mass 
(16.65 kg) was statically loaded on to the force platform alone and with the enlarged 
platform surface attached. Both of these conditions saw an agreeable weight on the force 
platform with the known mass of the object (1.2 – 1.8 % difference). The same test was 
completed with the competition sized landing mat on top of the enlarged force platform. 
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There was a 3.8 – 6.9 % increase in weight at the end of the force trace due to the mat 
shifting after the impactor object had been added to the mat surface.  
The same test was then completed with a smaller sized landing mat (2000 x 2000 
x 200 mm). This mat is within the set limits set by the F.I.G. (2006) for mat testing 
procedures (minimum 1500 x 2000 mm). Results from this smaller mat saw only a 1.5% 
difference between the known mass and the weight recorded by the force platform which 
is comparable to the static test performed on the force platform alone. An explanation 
offered for this is that the smaller mat was fully suspended over the raised enlarged force 
platform with no edges of the mat touching the floor. All of the mat mass was loaded on 
to the force platform at the start of the trial and does not shift extra mass on the platform 
throughout the trial. Therefore, the increase in weight at the end of each trial can be 
explained by the extra mass of the mat being loaded on to the force platform after contact 
had been made. As well as enlarging the force platform to reduce the difference in vertical 
velocity calculations it was confirmed that the landing mat needed to be smaller in size 
so that it can be fully suspended on top of the force platform. 
 
3.6.5 Landing Velocity 
 The impactor was previously released from a range of heights 0.5 m, 1.0 m and 
1.5 m to represent a range of touchdown velocities, 3.13 m.s-1, 4.42 m.s-1 and 5.42 m.s-1, 
respectively, when trying to establish the landing mat characteristics. These were initia lly 
considered to be an appropriate range of velocities seen by competing gymnasts but the 
lower height of 0.5 m does underestimate the landing vertical velocities seen by female 
gymnasts (4.48 m.s-1). Therefore, all further testing will use drop heights of 1.0 m, 1.5 m 
and 2.0 m so as to adequately represent gymnast landing vertical velocit ies. 
 
3.7 Chapter Summary 
Pilot Testing highlighted several significant factors which have led to a fina l 
experimental set-up for both gymnast landings and impactor testing. This demonstrates 
the importance of developing accurate and reliable experimental set-ups as it is much 
more difficult to remove errors within data sets once it has already been collected.  
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One of the most important factors was to establish a protocol that collected as 
much force transmitted from the gymnast/impactor contact at the landing mat surface 
through to the force platform. It was concluded that the best protocol to achieve this was 
the use of a smaller landing mat with a size 2000 x 2000 x 200 mm and this should be 
placed on top of the enlarged force platform, with the use of a custom built attachment. 
This difference value under this condition only represents the minor errors in calculations 
as the entire landing mat is suspended on top of the force platform. Any percentage 
difference value was used to modify the force data from the force platform so that it is 
comparable to the force data calculated from the landing mat surface.  
 The final landing heights were defined as 1.0 m, 1.5 m and 2.0 m and the range 
of masses dropped were 6.65 – 26.65 kg. However, the lowest mass of 6.65 kg would not 
be dropped from the highest height and the greatest mass, 26.65 kg, would not be dropped 
from the lowest height. This is due to the consideration of the likelihood of the size of 
gymnast these masses represent landing from these respective heights.    
All remaining data collected with the Vicon motion analysis system was collected 
at a sampling frequency of 500 Hz and at 1000 Hz with the AMTI force platform. This 
permitted straight forward interpolation and synchronisation of all data sets. Additionally, 
Vicon vertical displacement data was also concluded to be the most reliable method of 
determining contact points as this could be a quantitative value based on static levels.  
Chapter 5 outlines the final data collection procedures and results from the 
impactor testing, along with data processing techniques.  Chapter 6 outlines final data 
collection and results from the gymnast landings. Model inputs and parameters are also 
highlighted in these Chapters.  
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CHAPTER 4 
 
MODELLING THE MAT AND GYMNAST LANDINGS 
 
 
4.1 Introduction  
 In order to investigate impactor drops and gymnast landings on to F.I.G. landing 
mats a simulation model was developed. Simulation models can be simple in their design 
(Alexander, 1990) with only a few segments or can be much more complex, with multip le 
segments (Yeadon, 1990). The complexity of the model depends on the task being 
replicated and the desired outcomes of the simulation. The model used to simulate the 
impactor masses and a gymnast landing on to one and two landing mats was a spring-
mass system with damping properties. This chapter outlines the model design and 
structure. The landing mat and gymnast model input variables and parameters are 
outlined in Chapters 5 and 6.   
 
 
4.2 Model Designs 
 Parameters from impactor drops and gymnast landing trials on to the landing mats 
were needed as inputs for spring-mass models. The following outlines the model design 
and input considerations.  
 
4.2.1 Modelling the ImpactorDrops 
Figure 4.1 represents the variables and parameters that were needed as model 
inputs. The impactor drops on to the landing mat were modelled as a mass for the 
impactor (𝑀2)  with another mass for the landing mat (𝑀3)  with spring-damper 
(𝐾3 ,𝑒3) system representing the force from the force platform (𝐹3 ). The initial contact of 
the dropped impactor mass (𝑀2) with the mat decelerates whilst the mass of the mat 
(𝑀3) accelerates downwards until they are moving with the same velocity. Although this 
process can take approximately 5-10 ms the model assumes that this momentum 
interchange is instantaneous. Full input parameters for the landing mat are described and 
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calculated in Chapter 5 and 6. Model simulations and applications are outlined in Chapter 
7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 A representation of the spring-mass model for the impactor and landing mat during impact  
 
 
4.3.1 Modelling the Gymnast Landings 
Figure 4.2 outlines the gymnast and landing mat model and defines the input 
parameters and variables. These are defined as: the vertical force from the force 
platform (𝐹3 ), vertical depression of the landing mat (𝑑3 ), the spring-damper system 
connecting the landing mat mass (𝑀3) to the ground (𝐾3, 𝑒3), the spring-damper system 
separating the gymnasts upper and lower body (𝐾1,   𝑒1), the effective mass of the landing 
mat (𝑀3) and the upper and lower body mass of the gymnast (𝑀1 𝑎𝑛𝑑 𝑀2). In the same 
way as the impactor drops the impact of the gymnast’s lower body (𝑀2) with the landing 
mat mass (𝑀3) is considered instantaneous and the conservation of linear momentum is 
used to calculate their common velocity after impact. Full input parameters for the 
gymnast are described and calculated in Chapter 6. Model simulations and applications 
are outlined in Chapter 7. 
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Figure 4.2 A representation of the spring-mass model for the gymnast and landing mat during landing 
 
 
4.3 Model Stiffness  (𝑲𝟏 𝒂𝒏𝒅 𝑲𝟑) 
 The stiffness of an object can be considered its resistance to deformation when a 
force is applied. When representing stiffness as a spring it is related to how much the 
spring compresses with a given quantity of force.  
 The force-displacement relationship depends on the physical properties of the 
spring. Hooke’s Law states that the force (𝐹) needed to extend or compress a spring by 
a given distance (𝑥) is proportional to that distance. This is represented by Equation 4.1. 
 𝐹 = 𝐶𝑥 (Equation 4.1) 
   
 𝐹= Force, C = Constant of the Spring, x  = Displacement  
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However, Hooke’s Law only relates to the linear response of a spring when a 
force is applied. There will be an instant when this approximation no longer represents 
the material as it cannot be compressed or stretched beyond its physical limits. Therefore, 
non-linear functions must also be considered to represent the force-displacement 
relationship. Figure 4.3 shows the force-displacement relationship as a spring elongates 
and compresses. Hooke’s Law is represented by the red line and shows the linear 
relationship between the force and displacement. However, beyond the linear 
representation of the force-displacement relationship, the force represented by the grey-
dotted line shows that force increases non-linearly since the spring can no longer 
compress, regardless of how much further force is applied. Even though a landing mat is 
not going to elongate during a gymnast’s landing the same is true for a spring under 
lengthening. It will reach a point where it can no longer lengthen, regardless of how much 
further force is applied and may eventually fail. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 Force-displacement relationship as a spring elongates and compresses. 
 
 
As it was unknown whether the landing mat force-displacement relationship acted 
solely in the region of Hooke’s Law or over the range including both the linear and non-
linear regions, three models were considered. In order to model the stiffness of the one 
and two landing mats, the following force-displacement relationships were considered: 
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Linear Relationship: 
  𝐹 = 𝐶1𝑥 
Quadratic Relationship 
  𝐹 = 𝐶1𝑥 +  𝐶2𝑥
2  
Cubic Relationship 
  𝐹 = 𝐶1𝑥 +  𝐶2𝑥
2 + 𝐶3𝑥
3 
 
Following the model fits, the force-displacement relationship with the strongest 
adjusted R2 value and lowest RMSE (Root Mean Square Error) were considered the most 
appropriate fit.  
 
4.4 Model Damping (𝒆𝟏  𝒂𝒏𝒅 𝒆𝟑) 
 Damping can be considered the influence on an oscillatory system and depending 
on the type of damping incurred will reduce or restrict its oscillations. Damping is 
required in all physical systems that dissipate energy in the oscillations. The level of 
damping required by the system can range from overdamped, critically damped, 
underdamped and undamped. The resultant effect in these methods ranges from the 
system returning to equilibrium without oscillation, the system returning to equilibr ium 
with the amplitude gradually decreasing or the system continuing to oscillate at its natural 
frequency. As the landing mat system loses energy, as with all physical systems, damping 
needed to be considered within the model design.  
 
 
4.5 Chapter Summary 
This chapter has outlined the design of the models used for the impactor drops 
and the gymnast landings on to one and two landing mats. Input variables and parameters 
have been identified and defined and these are further described and calculated in 
Chapters 5 and 6. Additionally, model simulations and further considerations are outlined 
in Chapter 7. 
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CHAPTER 5 
DETERMINATION OF LANDING MAT PROPERTIES 
 
5.1 Introduction  
 Chapter three highlighted and attempted to minimise sources of error in the 
experimentally collected data. The final testing completed on the landing mats with the 
impactor took the following factors in to consideration: the use of an enlarged force 
platform (1200 x 1200 mm), the use of smaller landing mats (2000 mm x 2000 mm), the 
force platform set at a sampling frequency of 1000 Hz and the Vicon system set at 500 
Hz. The Vicon data was interpolated from 500 to 1000 Hz through spline curve fitting 
using Matlab (The MathWorks™, Inc) software. Additionally the 5 ms delay of the force 
platform was accounted for when the two data sets were synchronised. Finally, contact 
points of the impactor were determined quantitatively via pre-determined static levels of 
the impactor markers in Vicon. Once at least one corner of the impactor had passed 
through this level, it was decided that contact had been established.  
This chapter outlines the data processing techniques that were implemented with 
the vertical force data obtained from the force platform and the vertical displacement data 
from Vicon for the impactor testing. Processing techniques are outlined and values are 
presented for: filtering and quadratic fitting of displacement data, landing mat peak 
vertical depression, peak ground reaction force, peak mat-impactor force, effective mass 
and stiffness values. These are the input parameters needed for the landing mat model as 
outlined in Chapter 4.  
 
5.2 Final Impactor Testing  
 The impactors of varying masses (6.65, 9.15, 11.65, 14.15, 16.65 kg) were 
dropped from a range of heights: 1.0 m, 1.5 m and 2.0 m onto one and two landing mats, 
200 mm and 200 mm + 100 mm in depth. The force platform was situated centrally under 
the landing mats with the custom built platform fixed on the surface. The rig, pulley and 
impactor had a combined mass of 4.15 kg to which extra mass was added. All impactor 
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masses were statically weighed so that an accurate mass could be determined. The 
dropping height was adjusted above the top level of the mat and confirmed with an 
electronic distance measuring device. Four Vicon markers, one on each corner, were 
placed on the impactor so its displacement could be tracked throughout the drop. Each 
mass was dropped from each height for three consecutive trials.  
Landing mat testing was completed to ascertain the properties of these mats so 
they could be used as input to a simulation model. Properties such as: the measured 
ground reaction force from the force platform (𝐹3 ), vertical mat-impactor reaction force 
(𝐹2 ), the effective mass of the landing mat (𝑀3), vertical depression of the landing mat 
(𝑑3), vertical velocity of the landing mat, vertical acceleration of the landing mat and 
landing mat stiffness (𝐾3) needed to be established. Vertical ground reaction forces (𝐹3 ) 
were measured via the force platform data and vertical mat-impactor reaction force (𝐹2 ), 
vertical displacement (𝑑3 ), vertical velocity,  and vertical acceleration  were determined 
from the Vicon data. Effective mass of the landing mat (𝑀3), and landing mat stiffness 
values (𝐾3) were then subsequently calculated as described in this chapter.  
 
5.3 Force Data 
The vertical ground reaction forces were measured via the force platform for each 
trial on one and two landing mats. However, there was a difference between the actual 
ground reaction force (𝑅)  and the measured ground reaction force (𝐹3 ) . This is 
represented by equation 5.1.  
 𝐹3 = 𝑅 − 𝑀𝑚𝑎𝑡𝑔 (Equation 5.1) 
 
 (𝐹3 =  Measured Force at the Force Platform, 𝑅 = The Reaction Force at the 
Force Platform,  𝑀𝑚𝑎𝑡𝑔 = The Weight of the Landing Mat) 
 
 
As outlined in section 3.4 the vertical velocity of the impactor for each trial was 
also calculated via the impulse-momentum relationship. This was once again to check 
that the vertical force had been transmitted through the landing mats to the force platform 
underneath and to adjust for any discrepancy found. This vertical velocity value was then 
compared to the vertical velocity calculated from the Vicon vertical displacement values. 
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Once a percentage difference between these two data sets had been established the force 
data was adjusted accordingly (values presented in Table 5.1). This final vertical force 
data was then synchronised with the vertical displacement data from Vicon to allow for 
further calculations to be completed, as described in subsequent sections. Peak vertical 
force values are presented in Tables 5.2 and 5.3. 
 
5.4 Vicon Data   
 As the vertical displacement data output from Vicon was to be used to calculate 
the remaining variables it was important to ensure that errors in the original data were 
minimised as particular processing techniques can accentuate the original errors within 
the raw values collected. As vertical displacements, velocities, accelerations and mat-
impactor forces were to be used in all further calculations it was important to minimise 
these errors within the original data through filtering. The following sections outline the 
procedures that were tested to find an appropriate filtering method. 
5.4.1 Raw Data  
 Vertical displacement values of the impactor were output from Vicon. The 
vertical displacement of the impactor was established by averaging the four markers (one 
in each corner). Subsequent analysis of the displacement included: double differentiat ion 
with respect to time to determine the impactor’s vertical velocity and acceleration 
followed by the calculation of force at the mat-impactor surface (𝐹2 ) using equation 5.2. 
Figure 5.1 is a representation of the forces and accelerations acting on the impactor mass 
once it makes contact with the landing mat. The vertical displacement of the impactor 
was also used to represent the landing mat depression (𝑑3). 
Figure 5.2 is an example of the unfiltered vertical acceleration (calculated from 
the displacement) of the impactor during flight and making contact with the landing mat. 
This figure shows the desired signal but also contains unwanted noise. This is apparent 
due to oscillations before contact is made with the landing mat surface. As the impactor 
is in freefall it is being acted upon by gravity at a constant acceleration of -9.81m.s-2.  
Although, the acceleration values prior to contact oscillate around this value, they are not 
constant. Filtering this data will aim to remove the unwanted noise whilst maintaining 
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the signal of interest; the choice of cut-off frequency is very important in this process 
(Winter, 2009).  
 𝐹2 − 𝑀2𝑔 = 𝑀2𝑎 (Newton’s II Law) 
 𝐹2  = 𝑀2 (𝑎 + 𝑔) (Equation 5.2) 
 
 (𝐹2 = Force at the Mat Surface, 𝑀2  = Mass of the Impactor,  
a = Acceleration of the Impactor, g = Acceleration due to Gravity) 
 
 
 
 
 
 
 
Figure 5.1 A representation of the force at the mat-impactor surface (𝐹2 ) acting 
on the mass of the impactor (𝑀2). The acceleration of the mat (𝑎) and the force due to  
gravity (𝑀2𝑔) is also shown. 
 
 
 
 
 
 
 
 
 
 
Figure 5.2 An example trial of vertical acceleration calculated from double differentiation  
of raw vertical displacement of the impactor dropping onto one landing mat (contact at 0.00 seconds) 
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5.4.2 Filtering in Vicon  
 Prior to exporting the displacement data from Vicon, it was processed with the 
in-built filtering software. The Woltring Filtering Routine allows the user to select a GCV 
(general cross-validation) auto filter or an MSE (mean square error) filter, where a level 
of noise is manually entered. On this occasion, the auto-filter (GCV) was selected to filter 
the raw vertical displacement of the impactor throughout the entire trial length. In the 
same way as described in section 5.4.1 acceleration and mat-impactor surface (𝐹2 ) forces 
were then calculated via equation 5.2.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3 An example trial  of vertical force at the force platform (solid line) and the  
calculated vertical force at landing mat surface (dashed line) from the impactor  
landing onto one landing mat (auto-filtered in Vicon) (contact at 0.00 seconds) 
 
The vertical force calculated at the mat surface (𝐹2 ) and the force from the force 
platform (𝐹3 )  were then plotted together (Figure 5.3). As 𝐹3  and 𝐹2  data had been 
synchronised it was expected that there would be similarities in the force traces when 
plotted together. It was expected that there would be a constant value during the flight 
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phase, a steep gradient of force upon initial contact, similar timing of the peak force 
(𝐹2 may occur before 𝐹3 ) and the unloading phase. Examination of Figure 5.3 shows that 
the force (𝐹2 ) following filtering in Vicon is not constant during the flight phase. It also 
shows that the Vicon filtering (dotted line) has altered the resultant vertical force around 
the contact point as there is a rise in force before the impactor makes contact with the 
mat.  
Similar problems have been reported when smoothing before and after impacts 
during tennis, as distortions were reported up to 100 ms before impact (Knudson and 
Bahamonde, 2001). The force trace from the force platform (solid line) follows the 
expected pattern as there is a sharp rise in force once contact has been made. Additionally, 
the calculated (𝐹2 ) peak vertical force from the raw displacement was 6416 N for this 
trial and when calculated from the filtered displacement it was reduced to 6232 N. 
Establishing the peak forces was an important aspect of this data collection, when the 
research aim is to possibly reduce such peak forces when landing on the mats. Therefore, 
data processing techniques should aim to maximise all essential features of the origina l 
raw data, such as peak vertical forces, contact points, force rise gradients and timings of 
these features.  
These initial filtering tests also highlighted the important differences between the 
flight and contact phases. There is a rapid change in acceleration at the contact point 
between the flight and contact phase. It was concluded that the Vicon auto-filter ing 
method was not an adequate tool for processing the impactor data and therefore further 
filtering procedures needed investigation. 
 
5.4.3 Filtering Tests  
 A fourth-order Butterworth filter (with zero lag) was applied to the raw vertical 
displacement data. When attempting to establish the appropriate cut-off frequency a 
residual analysis is recommended (Winter, 2009). A residual analysis compares the 
difference between filtered and un-filtered signal over a range of cut-off frequencies. A 
residual analysis resulted in a selected cut-off frequency of 30 Hz for the flight phase and 
100 Hz for the contact phase. However, a compromise between allowing too much noise 
through and removing too much signal has to be made. Therefore, filtering below these 
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frequencies could result in too much signal being lost and above these frequencies could 
result in more noise being able to pass through. Therefore, a variety of cut-off frequencies 
around the residual analysis results were selected for further analysis.  
 
 Flight Phase: In determining the most appropriate cut-off frequency for the flight 
phase the acceleration due to gravity value of -9.81m.s-2 was used as the benchmark. As 
the impactor was in freefall under constant acceleration (gravity) this value should be 
continuous during the flight phase. Figure 5.4 shows the results from filtering the flight 
phase at varying frequencies. It was concluded that the cut-off frequency of 30 Hz gives 
the most constant acceleration around -9.81m.s-2. 
 
Contact Phase: Similarly, cut-off frequencies were tested for the contact phase 
(Figure 5.5). Unlike acceleration due to gravity (9.81 m.s-2) during the flight phase no 
‘benchmark value’ could be set for the contact phase vertical acceleration. However, as 
peak contact forces were the values of interest, maintaining peak vertical acceleration 
was chosen as the main criterion. The peak value from the raw acceleration in this 
example trial was 430.0 m.s-2. Following filtering, the peak value decreased to 392.6 m.s-
2 (100 Hz), 383.3 m.s-2 (50 Hz) and 370.6 m.s-2 (30 Hz).  Therefore filtering at 100 Hz, 
as suggested by the residual analysis, would only reduce the peak acceleration by 8.8 %. 
Filtering at 30 and 50 Hz would reduce the peak acceleration by 13.9 % and 10.8 %, 
respectively. The cut-off frequency of 100 Hz gives the best representation of the raw 
signal and maintains the peak force value as close as possible. 
 
Combining the flight and contact phase: Even though appropriate filtering cut-off 
frequencies had been established for the flight and contact phase problems arose when 
attempting to adjoin these data sets at contact. Once the vertical force at the mat surface 
had been calculated and plotted alongside the vertical force from the force platform 
another issue to become apparent was the absence of zero force during the flight phase 
of the impactor, particularly close to the contact point (Figure 5.6). This problem arose 
from the lack of constant acceleration just prior to mat contact. This problem arose even 
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though the end points of the flight and contact phase were padded with a quadratic 
equation prior to filtering. 
 
 
 
 
 
 
 
 
 
 
Figure 5.4 The flight phase acceleration (m.s -2) of an example trial filtered at 100 Hz (dashed line), 50 Hz 
(black line) and 30 Hz (white line), alongs ide raw acceleration (grey line) 
 
 
 
 
 
 
 
 
 
Figure 5.5 The contact phase acceleration (m.s -2) of an example trial of filtered at 100 Hz (dashed line), 
50 Hz (black line) and 30 Hz (dotted line), alongside raw acceleration (grey line) 
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Figure 5.6 An example trial of the force at the force platform (solid line) and the filtered 
flight (30 Hz) and contact (100 Hz) phases for force at the landing mat surface  
(dashed line) (contact at 0.00 seconds). 
 
 Quadratic fitting of flight phase: Winter (2009) outlines the basic assumption that 
if the raw signal has a pre-determined shape then this can be fitted to a best-fit over the 
noisy data. In the case of the impactor in freefall under the influence of gravity then a 
quadratic equation can be fitted to the flight phase. For the one mat condition trials this 
resulted in a mean (± SD) acceleration due to gravity value of -8.92 (± 0.56) m.s-2 and -
8.72 (± 0.64) m.s-2 for the two mat condition trials. In all cases the r2 value for the 
quadratic fit was r2 = 1.00. These acceleration values are slightly lower than the -9.81 
m.s-2 expected but the impactor was not completely in freefall under gravity as the rig 
and pulley system kept the rope (attached to the impactor) suspended above the impactor 
during the drop.  This would have added some friction to the system and slowed the 
impactor down.  
Once the flight phase had been fitted with the quadratic equation the vertical 
velocity at contact from Vicon could be compared to that obtained using the force 
platform. The initial vertical velocity (𝑉𝑖)  from the force trace was calculated via 
equation 3.1.  This was compared to the vertical velocity (𝑉𝑣) at contact from the Vicon 
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data. The overall mean (± SD) difference in vertical velocity for the one mat condition 
was 5.6 (± 3.4) % and 3.9 (± 2.3) % for the two mat condition. This confirms that the 
final experimental set-up was a valid method for collecting ground reaction forces 
through standard gymnastics landing mats. Table 5.1 shows a summary of expected and 
actual touchdown velocities. The expected vertical velocity at contact was calculated 
using equations of projectile motion with the acceleration values taken from the quadratic 
fitting of the flight phase. Having such close agreement between the expected and actual 
vertical velocities also confirmed that quadratic fitting was an appropriate method for 
achieving a smooth signal during the flight phase. 
 
Table 5.1. Mean vertical velocities (m.s -1) from Vicon (𝑉𝑣) and the force platform (𝑉𝑖 )  and  
their percentage differences (%) (shown alongside expected touchdown velocities from equations  
of projectile motion using adjusted acceleration values) 
                   
Condition  Height  Velocity  Velocity  Velocity        Difference
  (m)  (Projectiles)  (𝑽𝒗 )  (𝑽𝒊)  (% )  
One Mat 1.0   4.22  4.28  4.06  5.0  
  1.5  5.17  5.38  5.09  5.4 
  2.0  5.97  6.16  5.73  7.0  
            
Two Mats 1.0   4.17  4.33  4.17  3.8  
  1.5  5.11  5.28  5.10  3.4 
  2.0  5.91  6.01  5.74  4.5  
            
 
Final Filtering: Even though a cut-off frequency of 100 Hz was deemed the most 
appropriate for the contact phase, further problems arose once subsequent effective mass 
calculations were carried out. Full effective mass calculations are outlined in section 5.6 
but it was expected that the effective mass effect of the landing mat would be a near 
constant value following an initial rise. Variations in the effective mass calculations 
suggested that the filtering of the original data at 100 Hz was still allowing too much 
error in the acceleration calculations. Therefore, a quadratic equation was still fitted over 
the flight phase of the impactor drop but the contact phase was filtered again with a cut-
off frequency of 30 Hz, 50 Hz and 100 Hz to establish which would provide the most 
constant effective mass values. Based on the results shown in Figure 5.9 it was decided 
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that the cut-off frequency of 50 Hz gave the best outcome for the effective mass 
calculations as a distinct initial rise can be observed followed by a relatively constant 
effective mass.  This figure also shows the variations in the effective mass when filter ing 
at 100 Hz and a significant lessening of the initial rise when filtered at 30 Hz. All further 
filtering of contact phases would be performed with a cut-off frequency of 50 Hz. 
Figure 5.7 shows the results of the final vertical mat-impactor force (𝐹2 ) 
calculations for the flight and contact phase of the impactor dropping on to (a) one and 
(b) two mats, alongside the vertical force from the force platform (𝐹3 ) . Under both 
conditions the impactor was 16.65 kg and dropped from a height of 2 meters. 
 This figure shows, as far as possible, a constant acceleration in the flight phase 
just before contact and a sharp rise in force just after contact has been made by the 
impactor with the landing mat. This rise in force is of greater magnitude for the one mat 
condition as there is a greater immediate stiffness in this condition as the mat was firmer 
without the supplementary landing mat on top. It can also be seen that the mat-impacto r 
force (𝐹2 )  shows a similar gradient in the rise and fall of force when compared and 
synchronised with the vertical force from the force platform (𝐹3 ) . All vertical 
displacement data from Vicon was filtered using this method and the following variables 
calculated as previously described; peak vertical displacement, vertical velocity, vertical 
acceleration and peak vertical mat-impactor force. 
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Figure 5.7 Example trials  of the vertical force at the force platform (solid line) and the quadratic  
fitted flight phase and filtered (50 Hz) contact phase for vertical force at the  
landing mat surface (dashed line) on (a) one landing mat and  
(b) two landing mats (contact at 0.00 seconds) 
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5.5 Mat Properties  
 In order to establish the landing mats maximum vertical depression (𝑑3)  the 
difference between the vertical position of the impactor at initial mat contact and at full 
mat depression was calculated, in meters. Mean depression (𝑑3) values, along with peak 
vertical ground reaction force (𝐹3 )  and peak vertical mat-impactor force (𝐹2)  are 
presented in Table 5.2 for one mat and Table 5.3 for two mats. 
 
Table 5.2. Final landing mat properties for one landing mat. Mean maximum vertical depression (m),  
mean peak vertical ground reaction force (N) and mean peak vertical mat-impactor force (N).   
            
Drop                 Impactor  Maximum  Peak   Peak  
Height (m)   Mass (kg) Depression (𝒅𝟑 ) (m)  Force (𝑭𝟑 ) (N)  Force (𝑭𝟐 ) (N)    
                         
  6.65   0.042   3049.7   2218.3 
1.0   9.15   0.048   3759.6   2797.6 
  11.65   0.053   4361.8   3228.9 
  14.15   0.060   4684.1   3576.8 
            
  6.65   0.053   4079.3   2716.3 
  9.15   0.059   5096.3   3679.0 
1.5   11.65   0.066   5868.8   4487.8 
  14.65   0.078   6384.4   4952.9 
  16.65   0.078   6960.9   5517.5 
            
  9.15   0.071   5909.1   4323.0 
2.0   11.65  0.086   6775.1   5086.0 
  14.15  0.088   7559.1   5827.3 
  16.65  0.090   8554.3   6661.4 
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Table 5.3. Final landing mat properties for two landing mats. Mean maximum vertical depression (m),  
mean peak vertical ground reaction force (N) and mean peak vertical mat-impactor force (N).   
            
Drop               Impactor  Maximum  Peak   Peak  
Height (m)   Mass (kg) Depression (𝒅𝟑 ) (m)  Force (𝑭𝟑 ) (N)  Force (𝑭𝟐 ) (N)    
             
  6.65   0.076   1744.0   1387.9 
1.0   9.15   0.092   2154.9   1714.2 
  11.65   0.104   2620.1   2140.3 
  14.15   0.115   2950.6   2431.5 
            
  6.65   0.093   2264.2   1793.3 
  9.15   0.102   2790.3   2343.2 
1.5   11.65   0.115   3401.6   2782.4 
  14.65   0.120   3945.7   3272.0 
  16.65   0.134   4591.6   3708.9 
            
  9.15   0.119   3377.7   2673.2 
2.0   11.65  0.137   4154.2   3321.2 
  14.15  0.132   4885.6   3838.0 
  16.65  0.144   5695.7   4295.6 
            
 
 
 
5.6 Effective Mass (𝑴𝟑) 
 Once all trials had been filtered and the variables in Tables 5.2 and 5.3 
summarised, these values were used to calculate the landing mat effective mass. As the 
landing mat is to be modelled as a spring-mass system it is important to know the effective 
mass as this will have an influence over the motion of the system. The effective mass 
must be calculated and accounted for to enable accurate predictions within that system. 
Based on Newton’s second law of motion equation 5.3 was used to calculate the effective 
mass of the landing mats. Figure 5.8 is a representation of the forces and accelerations 
acting on the impactor mass and effective mass of the landing mat during contact.  
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 𝐹2 − 𝑀2𝑔 = 𝑀𝑎 (Newton’s II Law) 
 𝐹3 − 𝐹2  = 𝑀3𝑎   
 
 
𝑀3 =
(𝐹3 −  𝐹2)
𝑎
 
(Equation 5.3) 
   
 (𝐹2 = Force at the Mat Surface, 𝑀2 = Mass of the Impactor, a = Acceleration of the Impactor, g = 
Acceleration due to Gravity,  𝐹3= Measured Force at the Force Platform,   
 𝑀3  = Effective Mass of the Landing Mat) 
 
 
 
 
 
 
 
 
 
Figure 5.8 A representation of the measured force at the force platform (𝐹3 ) and the force at  
at the mat-impactor surface (𝐹2 ) acting on the mass of the impactor (𝑀2) and the  
effective mass of the landing mat (𝑀3 ). The acceleration of the mat (𝑎)  
and the force due to gravity (𝑀2𝑔) is also shown.  
 
Figure 5.9 shows the effective mass from a sample trial (black solid line with 50 
Hz filtering) just before and during impactor contact with one landing mat. The effective 
mass is also shown with filtering at 100 Hz (black dashed line) and 30 Hz (grey dotted 
line). The initial rise shown in the effective mass is considered to arise from the increasing 
volume of the landing mat becoming involved in the landing process. Once a limit ing 
amount of landing mat has become involved in this action the effective mass plateaus and 
is relatively constant. Therefore, the effective mass value was taken as an average during 
this plateau. This plateau is best represented with the effective mass filtered at 50 Hz.  
 
𝐹2  
𝑀2 𝑀2𝑔  
𝑀3 
𝐹3    
𝑎 
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Figure 5.9 An example trial of effective mass just preceding and during contact with one 
landing mat. The filtering tests are shown for 100 Hz (black dashed line), 50 Hz (black  
solid line) and 30 Hz (grey dotted line) (contact at 0.00 seconds). 
 
Mean effective mass values are summarised in Table 5.4. Values are shown for 
each drop height, each dropped impactor mass and the mean for each drop height for one 
and two landing mats. It is observed that there is an increasing mat effective mass as the 
drop height increases for both one and two landing mats. The possible difference between 
the one and two landing mat conditions could be due to the differing mat surfaces and the 
involvement of the mat due to the surface at impact.  
For further calculations that require an effective mass value the corresponding 
height and/or mat condition would be the basis of the selection criteria. For example, 
when an effective mass value is required for the subject trials the effective mass value 
from the 2 m drop height will be used as this relates more closely to the drop height of 
the gymnast trials. Full subject testing procedures are described in Chapter 6. 
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Table 5.4. Effective mass (kg) values for one and two landing mats for each drop height and impactor 
mass and the corresponding mean values. 
            
Drop                  Impactor   Effective Mass   Mean  Effective Mass  Mean 
Height (m)          Mass (kg) (one mat) (kg)    (two mats) (kg   
            
  6.65   2.69    2.30    
1.0   9.15   3.03  3.47  2.54  2.85 
  11.65   3.66    3.10    
  14.15   4.50    3.47    
            
  6.65   3.31    2.08    
  9.15   3.40    2.35    
1.5   11.65   3.48  3.76  3.08  3.09  
  14.65   4.24    3.44   
  16.65   5.11    4.50   
            
  9.15   3.10    2.65   
2.0   11.65  3.57  3.86  2.67  3.35  
  14.15  4.17    3.70    
  16.65  4.61    4.39    
            
 
5.7 Stiffness 
 The final parameter to be calculated from the impactor drops on to one and two 
landing mats was the mat stiffness (𝐾3). As outlined in Chapter 4, the stiffness of an 
object can be considered its resistance to deformation when a force is applied. 
As it was unknown whether the landing mat force-displacement relationship 
included both the linear and non-linear regions, three models were considered. In order 
to model the stiffness of the one and two landing mats, the following force-displacement 
relationships were considered: 
Linear Relationship: 
  𝐹 = 𝐶1𝑥 
Quadratic Relationship 
  𝐹 = 𝐶1𝑥 +  𝐶2𝑥
2  
  
68 
 
Cubic Relationship 
  𝐹 = 𝐶1𝑥 +  𝐶2𝑥
2 + 𝐶3𝑥
3 
 
Following the model fits, the force-displacement relationship with the strongest 
adjusted R2 value and lowest RMSE (Root Mean Square Error) would be considered the 
most appropriate fit.  
 
5.7.1 Force and Mat Depression 
 The landing mat depression (𝑑3) values for determining the mat stiffness were 
taken at the point of maximum depression. This was considered the point at which the 
mat had stopped depressing (zero velocity) and was the landing mats peak stiffness. The 
corresponding force value (𝐹3 )  was also selected at this time instant. Figure 5.10 
represents the external impactor exerting a downwards force (𝐹2 ) on to the effective mass 
of the landing mat (𝑀3). The spring (𝐾3) exerts an upwards (𝐹𝑠) on to the effective mass 
and a downwards force (𝐹𝑠) on to the force platform. Therefore, the spring stiffness 
representing the landing mat was calculated using the force from the force platform.  
 
 
 
 
 
 
 
Figure 5.10 A representation of the external impactor exerting a force (𝐹2 ) on to the landing mat effective 
mass (𝑀3). The acceleration of the mat (𝑎) and the force due to gravity (𝑀𝑔 ) is also shown. The force 
exerted on to the landing mat and force platform by the spring (𝐾3) is also shown (𝐹𝑠 ). 
 
In this chapter, the force-depression relationships for the landing mats included 
the maximum landing mat depression (𝑑3) and the force (𝐹3 ) from the force platform 
𝐹 𝑠  
𝐾3   
𝐹2  𝑀𝑔  
𝑀3 𝑎 
𝐹 𝑠  
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solely from the impactor drops. However, further landing mat depression and force values 
were added to these force-depression curves following the analysis of the gymnas t 
landings on to one and two landing mats in Chapter 6. This allowed for a greater range 
of depression and force values which would result in a more comprehensive model fit.   
 
5.7.2 Model Fits 
The model fits representing the linear, quadratic and cubic force-depression 
relationships for the one and two landing mats are presented in Figures 5.11 and 5.12. 
Constants were not included in the models since any equation representing the force-
depression relationship can be assumed to have zero force with zero mat depression. The 
adjusted R2 values, along with the model fit coefficients (𝐶1, 𝐶2 , 𝐶3 ) and the RMSE 
values, are presented in Table 5.5 for one landing mat and Table 5.6 for two landing mats. 
 
Table 5.5 Summary of model fits for the force-depression curves from the impactor drops for one 
landing mat. 
            
Model                  𝑪𝟏  (N.m
-1
) 𝑪𝟐  (N.m
-1
) 𝑪𝟑  (N.m
-1
) Adjusted R2 RMSE  
             
Linear   71879.80 -  -  0.864  508.45 
            
 
Quadratic *  62310.58 128640.57 -  0.870  497.72 
            
 
Cubic    62310.58 128640.57 0  0.870  497.72 
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Figure 5.12 The force-depression curves from the impactor drops for one landing mat showing  
linear, (b) quadratic and (c) cubic model fits.  
(a) 
 
 
(b) 
(c) 
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Based on the adjusted R2 and RMSE values the quadratic model (* highlighted in 
Table 5.5) provides the best fit for the force-depression curve from the impactor drops on 
to one landing mat. This is demonstrated by the outcome of the cubic fit which has set 𝐶3 
to zero. This has resulted in the quadratic model providing the best fit for this data as the 
outcome of the cubic fit is the same as the quadratic. 
 
 
Table 5.6 Summary of model fits for the force-depression curves from the impactor drops for two 
landing mats. 
            
Model                  𝑪𝟏  (N.m
-1
) 𝑪𝟐  (N.m
-1
) 𝑪𝟑  (N.m
-1
) Adjusted R2 RMSE  
             
Linear    24852.14 -  -  0.707  502.46 
            
 
Quadratic  842.83  199100.34 -  0.901  292.47 
            
 
Cubic *  22526.60 -187959.68 1682853.92 0.904  288.14 
            
 
 
Based on the adjusted R2 and RMSE values the cubic model (* highlighted in 
Table 5.6) provides the best fit for the force-depression curve from the impactor drops on 
to two landing mats. However, as further data points were added to the force-depression 
curves for the one and two landing mats from the gymnast landings, final conclusions 
based on the model fits are made in Chapter 6. 
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Figure 5.12 The force-depression curves from the impactor drops for two landing mats showing 
linear, (b) quadratic and (c) cubic model fits. 
(a) 
(b) 
(c) 
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5.8 Chapter Summary 
 The purpose of this chapter was to finalise the data processing techniques on the 
collected force platform and Vicon data to enable subsequent calculations to be carried 
out. The vertical displacement of the landing mats from Vicon was differentiated to 
calculate the vertical velocity and vertical acceleration of the mat. This was then 
subsequently used to calculate the vertical force at the mat-impactor surface (𝐹2). The 
known forces were then used to calculate the landing mat effective mass (𝑀3) and 
landing mat stiffness(𝐾3).  
Prior to these calculations being performed the raw displacement data was 
subjected to a variety of filtering techniques such as; auto-filtering in Vicon, fourth-order 
Butterworth filtering at a variety of cut-off frequencies and quadratic fitting. The most 
appropriate techniques were concluded as quadratic fitting of the flight phase and filter ing 
with a cut-off frequency of 50 Hz for the contact phase. These techniques adequately 
removed the unwanted noise while maintaining the points of interest such as:  peak values, 
timing of peak values and the gradient of the rise and fall of the force.  
Further landing mat properties were also calculated which included maximum 
mat depression (𝑑3), peak force from the force platform (𝐹3)  and peak force at the mat-
impactor surface(𝐹2 ). These parameters, along with the landing mat effective mass (𝑀3) 
and landing mat stiffness (𝐾3) were to be used as inputs for the model of the landing mat.  
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CHAPTER 6 
 
ANALYSIS OF GYMNAST LANDINGS 
 
 
6.1 Introduction  
 Chapter 3 discussed and reported how the experimental protocols applied 
attempted to minimise sources of error in the collected force and Vicon data in Chapter 
5. Therefore, similar to the landing mat protocols, the final testing completed on gymnas t 
landings took the following factors in to consideration; the use of an enlarged force 
platform (1200 x 1200 mm), the use of a smaller landing mat (2000 mm x 2000 mm), the 
force platform set at a sampling frequency of 1000 Hz and the Vicon system set at 500 
Hz. The Vicon data was interpolated from 500 to 1000 Hz through spline curve fitting 
using Matlab (The MathWorks™, Inc) software. Additionally, the 5 ms delay of the force 
platform was accounted for when the two data sets were synchronised. Finally, contact 
points of the gymnast landings were determined quantitatively via pre-determined static 
levels of the ankle markers in Vicon. Contact was determined as one ankle marker passing 
through the pre-measured static level.  
This chapter outlines the data processing techniques that were implemented with 
the vertical force data obtained from the force platform and the vertical displacement data 
from Vicon for the gymnast landings. Processing techniques are outlined and values are 
presented for: gymnast peak ground reaction forces, peak mat-impactor forces, center of 
mass and ankle vertical displacements, landing configurations and model inputs such as; 
gymnast masses and final landing mat stiffness. These are the input parameters needed 
for the gymnast landing model as outlined in Chapter 4. 
 
6.2 Gymnast Landings Testing   
 A male (65.3 kg) gymnast was used for all trials. The subject wore a full body 
Vicon marker set (as outlined in Chapter 3), was weighed and anthropometr ic 
measurements taken to allow for subsequent calculation of centre of mass coordinates 
within Vicon Nexus Software. These included; leg length, knee width, ankle width, 
shoulder marker offset, elbow width, wrist width and hand thickness. The gymnast was 
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suspended from a trapeze bar over the landing mats and force platform as described in 
chapter three. The gymnast was instructed to release from the trapeze and land with a 
competition style landing (no steps, jumps or hops). Any landing that did not fulfil these 
criteria was discounted and another trial was performed. The male gymnast landed from 
1.84 m above the landing surface and later analysis revealed a landing velocity of 5.64 
m.s-1 onto one mat and 5.72 m.s-1 onto two mats. At least five trials were performed in 
each mat condition.  
 
6.3 Force Data 
Similar to the processes used in Chapter 5 for the impactor testing, the vertical 
ground reaction force (𝐹3 ) was determined from the measured force from the force 
platform for each gymnast landing on one and two landing mats. This is represented by 
equation 6.1.  
 
 𝐹3 = 𝑅 − 𝑀𝑚𝑎𝑡𝑔 (Equation 6.1) 
 
 (𝐹3 =  Measured Force at the Force Platform, 𝑅 = The Reaction Force at the 
Force Platform,  𝑀𝑚𝑎𝑡𝑔 = The Weight of the Landing Mat) 
 
 
As outlined in section 3.4 the vertical velocity of the gymnast landing for each 
trial was calculated via the impulse-momentum relationship. This was once again to 
check that the vertical force had been transmitted through the landing mats to the force 
platform underneath and to adjust for any discrepancy found. This vertical velocity 
calculated via the change in momentum from the force trace was then compared to the 
vertical velocity calculated from the Vicon vertical displacement values of the ankle 
marker. The percentage difference between the two velocity values was less than 1% for 
both one and two landing mat conditions, so was considered negligible and no 
adjustments were made. Once again, the vertical force from the force platform was 
synchronised with the vertical displacement from Vicon to allow for further calculations 
to be completed.  
 
6.4 Vicon Data 
All gymnast landing trials were manually labelled and processed within the Vicon 
Nexus software. The full body marker set was labelled and displacement coordinates of 
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markers and centre of mass coordinates were output from Vicon with no additiona l 
processing.  Whole body centre of mass coordinates are defined in Vicon as a weighted 
sum of all the centres of mass of the individual segments. The individ ual segments are 
defined by the marker placements which were placed on the gymnast. Further to the 
filtering and processing techniques outlined in Chapter 5, the same procedures were 
applied to the subject data. The flight phase was fitted with a quadratic equation and the 
contact phase was filtered with a fourth-order Butterworth filter with a cut-off frequency 
of 50 Hz.  
The ankle marker vertical displacement was used to calculate vertical velocity 
and vertical acceleration via differentiation with time. The ankle marker was used to 
represent the vertical depression (𝑑3) of the landing mat/gymnast once contact with the 
landing mat had been made by the gymnast. This also ensured consistency as the ankle 
marker was also used to determined contact with the landing mat.   
 
6.5 Gymnast Parameters 
 
6.5.1 Gymnast Mass (𝑀,𝑀1𝑎𝑛𝑑 𝑀2) 
When a gymnast lands on a landing mat there is an initial peak force which 
reflects the initial effective mass of the gymnast’s lower leg. This initial landing force 
can be considered passive and has an effective mass of the gymnast involved within it. 
This is followed by an active peak force in which the gymnast has utilised a landing 
strategy and the remaining body mass has become actively involved. The initial and 
passive landing peaks are shown in Figure 6.3. In order to be able to model the gymnas t 
landing both of these masses need to be known.  
𝑀2 is therefore considered to be the initial involvement of lower body mass of the 
gymnast immediately after contact on landing. Once the gymnast has made contact with 
the landing mat the effective mass of the mat (𝑀3) has begun moving and these masses 
will then be moving with a common velocity and acceleration. Equation 6.2 was used to 
calculate 𝑀2. Similar to the effective mass of the landing mat (𝑀3) the effective mass of 
the gymnast (𝑀2) shows an initial rise as the effective mass becomes involved the  
landing. This is followed by a plateau once a limiting amount of lower body mass has 
become involved in the landing. This is shown in Figure 6.2.   
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 𝐹3  −  𝑀2𝑔 =  (𝑀3 +  𝑀2) 𝑎 (Newton’s II Law) 
 
𝑀2  = ( 
𝐹3
𝑎 + 𝑔
 )  −  𝑀3 
 
(Equation 6.2) 
 (𝐹3 = Force Measured at the  Force Platform, 𝑀3  = Effective Mass of the Mat,    
𝑀2= Lower Body Mass of the Gymnast, g = Acceleration due to Gravity,  a = 
Acceleration of the Mat Surface (determined via the toe marker) 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1 A representation of the lower body mass of the gymnast (𝑀2 ) acting on the effective mass of 
the landing mat (𝑀3) along with the measured reaction force (𝐹3 ). The acceleration of the mat surface 
(determined via the gymnast’s toe marker) (𝑎) and the force due to gravity (𝑀2 𝑔) are also shown.  
 
 
 
Figure 6.2 A representation of the lower body mass involvement of the gymnast (𝑀2 ) 
 
-5
-4
-3
-2
-1
0
1
2
3
0 0.005 0.01 0.015
M
a
ss
 (
k
g
)
Time (seconds)
𝑀2 𝑀2𝑔  
𝑀3 
𝐹3    
𝑎 
  
78 
 
𝑀1, which is the remaining upper body mass of the gymnast to become involved 
during the active phase of landing, was also calculated. Equation 6.3 was used to calculate 
𝑀1. For the gymnast landing onto one mat the mean lower body mass (𝑀2) was 1.97 ± 
0.8 kg and the upper body mass (𝑀1) to become involved was 63.33 ± 0.8 kg. For the 
gymnast landing on two mats the mean lower body mass (𝑀2) was 5.59 ± 3.3 kg and the 
upper body mass (𝑀1) to become involved was 59.71 ± 3.3 kg.  
Prior to these 𝑀1 and 𝑀2 calculations, experimental impactor drops were carried 
out onto one and two landing mats to match the initial peak forces shown in the gymnas t 
landings. The same experimental set-up with the impactor and rig and pulley system were 
implemented as described in Chapters 3 and 5. The impactor was released from 1.84 m 
above the mat surface and later calculations confirmed landing velocities of 5.27 m.s-1 
for one landing mat and 5.25 m.s-1 for two landing mats. The mass of the impactor was 
increased in small increments until the force on landing matched those of the initial peak 
from the gymnast trials. The impactor mass for both one and two landing mats was 4.85 
kg and six drops were performed onto each mat set-up. This resulted in peak forces of 
3163.5 N for one landing mat and 1800.7 N for two landing mats which are comparable 
to the initial peak forces from the gymnast landings highlighted in Table 6.2. 
The experimental mass of 4.85 kg is reasonably matched to the calculated 𝑀2 
which was 1.97 kg for one landing mat and 5.59 kg for two landing mats. This is a much 
closer match between experimental and calculated variables than previous research as 
Mills (2005) reported an experimental mass of 24 kg to represent the gymnasts lower  
body. Given the much lower masses reported in this research it is likely that these are 
representative of the gymnast’s lower leg upon initial contact with the landing mat.  
 
 𝑀 = 𝑀1 +  𝑀2  
 𝑀1  =  𝑀 −  𝑀2 (Equation 6.3) 
   
 𝑀= Total Body Mass of the Gymnast,  𝑀1 = Upper Body Mass of the Gymnast,  
𝑀2= Lower Body Mass of the Gymnast 
 
  
 
6.5.2 Gymnast Landing Configurations  
 Joint angles for the hip, knee and ankle joints were defined using the BodyBuilde r 
software in Vicon. Table 6.1 shows the gymnast joint angles for the hip, knee and ankle 
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at the point of contact, at the initial peak force, at peak force and at maximum mat 
depression. There is little difference between the joint angles at the ankle between the 
gymnast landing on to one and two landing mats. This is confirmed by the total ankle 
angle change of 48.9 degrees for both landing conditions.  
Both the hip and knee angles are larger at the point of contact when landing on to 
two landings mats which identifies the gymnast is landing in a less flexed position when 
landing on to a softer landing surface like the two mat condition. The differences between 
the knee and hip angles when the gymnast lands on to one or two landing mats shows 
that the gymnast is using these joints to control their landing strategy when landing on 
different surfaces. These differences are more evident at the contact point and at the init ia l 
peak force during the initial stages of the landing. These difference in the knee and hip 
joint angles are less apparent at the point of peak force and at maximum mat depression.  
 
Table 6.1 Summary of gymnast landing joint angles at the hip, knee and ankle (°). Angles are shown at 
contact, initial peak force, peak force and maximum mat depression for one and two landing mats.  
            
Number of  Contact  Initial  Peak  Maximum Mat  Total 
Landing Mats   Force    Force  Depression   Change 
              
HIP ANGLES (±SD) 
            
One   157.5 (1.6) 155.2 (1.7) 146.0 (1.1) 136.0 (1.5) 21.5 
          
Two    162.5 (2.1) 160.9 (2.0) 147.3 (2.3) 139.2 (2.4) 23.3 
            
KNEE ANGLES (±SD) 
            
One    165.7 (0.6) 161.4 (0.9) 147.5 (0.4) 136.8 (1.9) 28.9 
           
Two    168.7 (4.7) 166.0 (4.3) 145.8 (2.8) 136.1 (2.9) 32.6 
            
ANKLE ANGLES (±SD) 
            
One    115.2 (0.7) 106.2 (2.3) 69.3 (1.1) 66.3 (1.1) 48.9 
           
Two    115.1 (1.9) 108.6 (1.2) 69.2 (1.4) 66.2 (2.7) 48.9 
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6.6 Gymnast Landing Variables 
 
6.6.1 Gymnast Landing Forces (𝐹3 ) 
𝐹3  is the force measured from the force platform as defined by equation 6.1. The 
two points of interest were the initial peak force and maximum peak force. The init ia l 
peak vertical force was defined as the first highest force value (preceding a reduction in 
vertical force) but not the absolute maximum peak value. The peak force was defined as 
the absolute maximum vertical peak force. 
Figure 6.3 shows the vertical landing force from the force platform when landing 
on one and two landing mats. This shows an initial peak force, followed by the peak 
force. Following initial contact with the landing mat the initial peak reflects the 
accelerated mass of the gymnast (𝑀2)  that is involved in the landing prior to the 
remaining mass of the gymnast  (𝑀1) becoming involved.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3 Example trials of the vertical force from the force platform of the gymnast landing on to one 
landing mat (solid line) and two landing mats (dashed line) (contact at 0.00 seconds) 
 
 
This is followed by a reduction in vertical force which is likely to be due to the 
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to two landing mats but there is still an initial peak followed by a further maximum peak 
force. When landing onto softer surfaces gymnasts adopt a less flexed position and this  
will result in a greater stiffness in their landing strategy. Initial and peak forces from the 
force platform are shown for one and two landing mats in Table 6.2.  
 
 
6.6.2 Gymnast Landing Forces (𝐹2 ) 
𝐹2  is the force at the mat-gymnast foot surface. To establish the force at the mat-
gymnast foot surface Equation 6.4 was used.  
 
 
 𝐹2  −  𝑀2𝑔 =  𝑀2𝑎   (Newton’s II Law) 
 𝐹3  −  𝐹2  =  𝑀3𝑎  
   𝐹2  =  𝐹3  − 𝑀3𝑎 (Equation 6.4) 
   
 (𝐹2  = Force at the Mat-Gymnast Foot Surface, 𝑀2= Lower Body Mass of the 
Gymnast, g = Acceleration due to Gravity,  a = Acceleration of the Ankle 
Marker,  𝐹3 = Force Measured at the  Force Platform, 𝑀3 = Effective Mass of 
the Mat) 
 
 
 
 
 
 
 
 
 
 
Figure 6.4 A representation of the force (𝐹2 ) acting between the lower body mass of the gymnast (𝑀2 ) 
and the effective mass of the landing mat (𝑀3 ). The measured reaction force (𝐹3 ), acceleration of the 
gymnast’s ankle marker (𝑎) and the force due to gravity (𝑀2 𝑔) are also shown.  
 
 
With regards to the selected inputs for Equation 6.4 for the effective mass of the 
mat (𝑀3), these were taken from the impactor trials that most closely matched the 
𝐹2  
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gymnast landings with regards to drop height and mass. This was 3.89 kg for one landing 
mat and 3.35 kg for two landing mats. Peak forces from the mat-gymnast foot surface are 
shown for one and two landing mats in Table 6.2.  
 
6.6.3 Gymnast Landing Properties 
Gymnast vertical landing velocity was calculated via differentiation of the ankle 
marker displacement values with respect to time. The landing mat depression (𝑑3) was 
also calculated using the ankle marker. This was defined as the difference, in meters, 
between the vertical position of the ankle marker at initial mat contact and at full mat 
depression. However, to ensure that the displacement of the ankle marker was 
representative of the landing mat depression an adjustment was made for the flexion of 
the ankle. At the point of contact with the landing mat the ankle was extended but at the 
point of peak mat depression the ankle was flexed. The vertical displacement of the ankle 
marker between foot extension and flexion was removed from the overall vertical 
displacement of the ankle marker. This adjustment was 0.105 m for the one landing mat 
condition and 0.097 m for the two landing mat condition.  
 
Table 6.2 shows a summary of the gymnast landing properties on one and two 
landing mats. All values presented were needed as model input variables or were needed 
to calculate further model parameters.  
 
Table 6.2 Summary of gymnast landing variables for one and two landing mats. Mean vertical landing 
velocities (m.s -1), mean maximum vertical landing mat depression (m), mean initial peak vertical force (N), 
mean peak vertical ground reaction force (𝐹3 ) (N) and mean peak vertical mat-gymnast foot force (𝐹2 ) (N). 
Time to peak forces are also shown below in brackets (secs). 
            
Number of  Landing Mat  Initial  Peak  Peak  
Landing Mats Velocity  Depression   Peak Force Force  Force  
  (m.s -1)  (𝒅𝟑) (m) (N)  (𝑭𝟐) (N)  (𝑭𝟑) (N)   
              
One    5.64  0.091  3077.8  6398.1  7281.8      
      (0.016)  (0.037)   (0.043)  
            
Two    5.72  0.157  1742.4  6518.3  7117.7 
      (0.017)  (0.052)  (0.055)  
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6.7 Final Landing Mat Stiffness (𝑲𝟑) 
 
 The process for calculating the landing mat stiffness was described in section 5.7 
of Chapter 5. In addition to the landing mat depression and force from the force platform 
that have been used from the impactor drops, values from the gymnast landings were 
added to the force-depression curves. This gave a greater range of force and depression 
values for the landing mats force-depression curves and will thereby give a more accurate 
model fit. The following equations for the linear, quadratic and cubic force-displacement 
relationships were outlined in Chapter 4: 
 
Linear Relationship: 
  𝐹 = 𝐶1𝑥 
Quadratic Relationship 
  𝐹 = 𝐶1𝑥 + 𝐶2𝑥
2  
Cubic Relationship 
  𝐹 = 𝐶1𝑥 + 𝐶2𝑥
2 +  𝐶3𝑥
3 
 
6.7.1 Force and Mat Depression 
 Force from the force platform and depression of the landing mat were taken at the 
point of maximum mat depression. These values were selected for the same reason as 
those from the impactor drops; the point at maximum depression was the time at which 
the mat had stopped moving and was used to calculate the mats peak stiffness.   
The landing mat depression (𝑑3)  was calculated using the ankle marker as 
previously described and the same adjustments were made for the flexion at the ankle 
following contact with the landing mat as outlined in section 6.6.3. 
 The force from the force platform and the depression of the landing mat was also 
taken at the point of the initial peak force. In the same method as in section 6.6.3, the 
vertical displacement values taken from the ankle marker were adjusted for the difference 
between ankle extension and flexion. This adjustment was 0.038 m for the one landing 
mat condition and 0.009 m for the two landing mat condition.  
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6.7.2 Final Model Fits 
The model fits representing the linear, quadratic and cubic force-depression 
relationships for the one and two landing mats are presented in Figures 6.5 and 6.6. 
Constants were not included in the models since any equation representing the force-
depression relationship can be assumed to have zero force at zero mat depression. The 
adjusted R2 values, model fit coefficients (𝐶1, 𝐶2, 𝐶3) and the RMSE values, are presented 
in Table 6.3 for one landing mat and Table 6.3 for two landing mats. 
 
 
Table 6.3 Summary of model fits for the stiffness curves for one landing mat.  
            
Model                 𝑪𝟏  (N.m
-1
) 𝑪𝟐  (N.m
-1
) 𝑪𝟑  (N.m
-1
) Adjusted R2  RMSE  
            
Linear    71798.3  -  -  0.891  496.05 
            
Quadratic *  59171.34 165943.84 -  0.903  465.45 
            
Cubic    59171.34 165943.84 0  0.903  465.45 
            
 
 
Based on the adjusted R2 and RMSE values the quadratic model highlighted in 
Table 6.3 (*) provides the best fit for the force-depression curve from the impactor drops 
and gymnast landings on to one landing mat. This is demonstrated by the outcome of the 
cubic fit which has 𝐶3 set to zero. This has resulted in the quadratic model providing the 
best fit for this data as the outcome of the cubic fit is the same as the quadratic. This 
quadratic model fit demonstrates that the single landing mat has an initial linear 
relationship between the force and mat depression, followed by a non-linear relationship 
in which the force rises more steeply as the landing mat depression increases. 
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Figure 6.5 Stiffness curves for one landing mat showing (a) linear, (b) quadratic and (c) cubic model fits. Peak force 
and mat depression values shown from the impactor drops (solid diamonds), the gymnast landings (hollow 
diamonds) and the initial peak force and mat depression from the gymnast landings (hollow triangles) 
(a) 
 
 
(b) 
 
 
(c) 
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Figure 6.6 Stiffness curves for two landing mats showing (a) linear, (b) quadratic and (c) cubic model fits. Peak force 
and mat depression values shown from the impactor drops (solid diamonds), the gymnast landings (hollow 
diamonds) and the initial peak force and mat depression from the gymnast landings (hollow triangles) 
(b) 
 
 
(a) 
 
 
(c) 
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Based on the adjusted R2 and RMSE values the cubic model outlined in Table 6.4 
provides the best fit for the force-depression curve from the impactor drops and gymnas t 
landings on to two landing mats. The quadratic model gives a good fit over the data points 
and looks reasonable with regard to the application of force and displacement of the mats. 
However, the quadratic model does not fit well over the final data points from the 
gymnast landings (hollow diamonds). Additionally, the cubic model does not show the 
expected shape at the start of the curve but fits well over the actual data points.  
As it was the initial stage of the cubic fit that did not fit well over the data points 
the linear term was set to zero and the 𝑥 2 and 𝑥 3 terms were fitted together (𝐹 = 𝐶2𝑥
2 +
 𝐶3𝑥
3) and 𝑥 3 independently (𝐹 = 𝐶3𝑥
3). As the quadratic fit had already set the linear 
term to zero there was no need to repeat this. Figure 6.7 shows the remaining fits and 
Table 6.4 includes the adjusted R2 values, along with the model fit coefficients (𝐶1, 𝐶2, 
𝐶3) and the RMSE values. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7 Stiffness curves for two landing mats showing 𝐹 = 𝐶2𝑥
2 + 𝐶3𝑥
3 model fit (solid line) and the 𝐹 = 𝐶3𝑥
3 
model fit (dashed line). Peak force and mat depression values shown from the impactor drops  
(solid diamonds), the gymnast landings (hollow diamonds) and the initial peak force and  
mat depression from the gymnast landings (hollow triangles) 
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Table 6.4 Summary of model fits for the stiffness curves for two landing mats.  
            
Model            𝑪𝟏  (N.m
-1
) 𝑪𝟐  (N.m
-1
) 𝑪𝟑  (N.m
-1
) Adjusted R2 RMSE  
            
  
Linear   27713.09 -  -  0.621  992.36 
            
 
Quadratic  0  222999.20 -  0.901  471.41 
            
 
Cubic    48696.42 -690812.06 4034055.45 0.951  332.02 
            
 
𝒙𝟐 and 𝒙𝟑 *  0  112795.29 826232.05 0.930  398.70 
            
 
𝒙𝟑 *   0  0  1651059.28 0.900  475.49 
            
 
 
Table 6.4 shows that the model fits using the 𝑥 2  and 𝑥 3 terms  (𝐹 = 𝐶2𝑥
2 +
 𝐶3𝑥
3 ) gave better adjusted R2 and RMSE values than the 𝑥 3  term on its own 
(𝐹 = 𝐶3𝑥
3). This is highlighted in Table 6.4 (*). 
These force-depression curve fits represent the stiffness (𝐾3) in the gymnast-
landing mat model during landing and will be used as input to the model outlined in 
Chapter 4.  In can therefore be concluded that one landing mat stiffness is best represented 
by a quadratic model fit and for two landing mats by 𝐹 = 𝐶2𝑥
2 +  𝐶3𝑥
3. This concludes 
that gymnastic landing mats cannot be appropriately modelled by a linear spring as 
outlined by the F.I.G. (2006) testing procedures.  
 
 
6.8 Chapter Summary 
The purpose of this chapter was to establish variables and parameters that would 
be used as inputs for a spring-mass model of the gymnast and landing mat during landing. 
Gymnast landing variables were calculated which included maximum mat depression 
(𝑑3 ) , peak force from the force platform (𝐹3 )  and peak force at the mat-gymnast 
surface (𝐹2 ). This was in addition to gymnast’s center of mass displacement and ankle 
marker displacements. Gymnast landing configurations were also analysed and it is 
apparent that the gymnast is landing in a less flexed position when landing on to two 
landing mats in comparison to landing on to one landing mat. 
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Parameters to be used as inputs for the simulation model were also finalised. This 
included the gymnasts mass (𝑀), along with the lower body mass of the gymnast (𝑀2) 
and the upper body mass (𝑀1) of the gymnast to become involved in the landing process 
following mat contact. Additional force (𝐹3 ) and mat depression (𝑑3) values were added 
to the force-depression curves from Chapter 5 for landing mat stiffness (𝐾3). For both 
the one and two landing mat conditions a non-linear curve fit was confirmed. 
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CHAPTER 7 
 
MODEL EVALUATION AND APPLICATION 
 
7.1 Introduction  
 The previous chapters have outlined the experimental set-ups in order to collect 
accurate data from impactor and gymnast landings on to one and two landing mats, the 
design of a spring-mass model and the calculations of the input variables and parameters 
for the model. This chapter outlines further model considerations, simulation matches 
and optimisations. A computer programme was written in FORTRAN to simulate the 
landing of a gymnast on a mat. 
 
7.2 Impactor Landing Model 
The design of the spring-mass model for the landing mats was outlined in Chapter 
4. All of the input variables and parameters for the landing mat were outlined and 
described in Chapters 5 and 6. The landing mat model is represented in Figure 7.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.1 A representation of the spring-mass model for the impactor and landing mat during impact  
 
𝑽𝟐𝟎  𝒂𝒏𝒅 𝑽𝟐𝟏 = the initial 
velocity of the impactor 
𝑀2 and the common 
velocity following contact 
𝑀2 
 
 𝑀3 
 
 
𝑭𝟑  𝒅𝟑 𝑲𝟑 
𝑭𝟑 = the 
force 
measured 
from the 
force 
platform  
 
𝒅𝟑  = 
depression 
of the 
landing 
mat 
𝒆𝟑 
𝒅𝟐 = 0 
𝑽𝟐𝟎  
𝑽𝟐𝟏  
𝑀2𝑔  
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7.2.1 Model Considerations  
 In the case of the impactor drops the initial contact of the dropped impactor mass 
(𝑀2) with the mat decelerates whilst the mass of the mat (𝑀3) accelerates downwards 
until they are moving with the same velocity. Although this process can take 
approximately 5-10 ms the model assumes that this momentum interchange is 
instantaneous. Based on the conservation of linear momentum:  
 
 𝑀2𝑉20 +  𝑀30 = (𝑀2 + 𝑀3)𝑉21  (Equation 7.1) 
 
With 𝑉20 as the initial velocity of 𝑀2, Equation 7.2 gives the common initial velocity as: 
 
 𝑉21=  
𝑀2
𝑀2 + 𝑀3
  𝑉20   
(Equation 7.2) 
 
The depression of the landing mat may be obtained as:   
 
 𝑑3 =  𝑍30 −  𝑍3  (Equation 7.3) 
 
Where 𝑍30  is the initial height of the impactor at contact with the landing mat and 𝑍3 is 
the subsequent height of the impactor once in contact with the mat.  
 
These combined masses (𝑀2 𝑎𝑛𝑑 𝑀3) are then decelerated by an upwards stiffness force. 
In the case of the landing mats this force is represented as: 
 
 𝐹𝑠 = 𝐶1𝑑3 + 𝐶2𝑑3
2 + 𝐶3𝑑3
3 
 
(Equation 7.4) 
The stiffness co-efficients were determined from the forces at the point of maximum 
depression (zero velocity) in the impactor and gymnast landing trials (described in 
Chapter 5 and 6). 
 
The damping force acting in opposition to the velocity is defined as: 
 
  𝐹𝑑 =  𝑒3𝑉3
𝑚𝑑𝑛 (Equation 7.5) 
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The damping parameters 𝑒3,  𝑚 and 𝑛 were determined using the simulation model by 
matching the force and depression of the simulated impacts with the actual impactor 
landings.  
 
7.2.2 Simulations 
The equations of motion (Newton’s II Law) are outlined in Equation 7.6 and are used to 
determine the acceleration once the impactor (𝑀2)  and the landing mat (𝑀3)  move 
together.  
 
 𝑅 − (𝑀2 + 𝑀3)𝑔 =  (𝑀2 +  𝑀3)𝑎3  (Equation 7.6) 
 
Since the measured ground reaction force at the force platform is zeroed with the mat in 
place then: 
 𝐹𝑚 = 𝑅 − 𝑀3𝑔 
 
(Equation 7.7) 
Equation 7.7 is then substituted in to equation 7.6 and re-arranged to give: 
 
 𝐹𝑚 − 𝑀2𝑔 =  (𝑀2 +  𝑀3)𝑎3  
 
𝑎3 =  
𝐹𝑚 − 𝑀2𝑔
(𝑀2 +  𝑀3)
 
 
(Equation 7.8) 
 
Having determined the initial acceleration (𝑎3) from Equation 7.8 the initial combined 
(negative) velocity (𝑉30 ) will increase to Equation 7.9 over a small time increment (𝛥𝑡) 
of 0.0001 seconds. Similarly, the initial depression (𝑑30 = 0) will increase to Equation 
7.10. 
 
 𝑉3 = 𝑉30 +  𝑎3𝛥𝑡 (Equation 7.9) 
 
𝑑3 = − 𝑉30 𝛥𝑡 −
1
2
 𝑎3 𝛥𝑡
2 
(Equation 7.10) 
 
The simulated of the landing is then extended numerically in time steps of 𝛥𝑡. 
  
The differences between a recorded impactor landing and a simulated landing 
were calculated from the percentage differences in the; maximum force (𝐹𝑚𝑎𝑥 ), time to 
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this maximum force (𝑡𝑚𝑎𝑥 ) , force at twice this time (𝐹2 ) and maximum depression 
(dmax) . In each case the difference was calculated as a percentage of the measured 
maximum value.  
 
The unknown damping parameters 𝑒3, 𝑚 and 𝑛 were then determined by minimising the 
difference score over all impactor trials using simulated annealing (Goffe et al., 1994). 
 
   𝑆 =                    | % 𝐹𝑚𝑎𝑥  𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒|
+ |% 𝑡𝑚𝑎𝑥 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒|       
+ |% 𝐹2  𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒|
+ |% 𝑑𝑚𝑎𝑥  𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒| 
(Equation 7.11) 
 
7.2.3 One Landing Mat Model Outputs 
A total of 37 trials were simulated for the impactor landings on to one landing 
mat. This gave an overall difference score of 7.0% between the experimental and 
simulated landings. Figure 7.2 shows an experimental and simulated landing for an 
individual trial for maximum force and maximum mat depression. This represents a trial 
with a score of the 7.3%. Table 7.1 shows the mean maximum force (𝐹𝑚𝑎𝑥), time to 
maximum force (𝑡𝑚𝑎𝑥 )  and maximum depression (𝑑𝑚𝑎𝑥 )  for the experimental and 
simulated trials along with the damping properties determined by the simulation model.  
 
 
 
 
 
 
 
 
 
 
 
Figure 7.2 Experimental and simulation landing matches of an impactor landing showing  
force and depression for an individual trial for one landing mat 
(solid line = experimental landing, dashed line = simulated landing) 
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7.3.4 Two Landing Mats Model Outputs  
A total of 38 trials were simulated for the impactor landings onto two landing 
mats. This gave an overall difference score of 4.7% between the actual and simula ted 
landings. Figure 7.3 shows an experimental and simulated landing for an individual trial 
for maximum force and maximum depression. This represents a trial with a score of 7.2%.  
Table 7.1 shows the mean maximum force (𝐹𝑚𝑎𝑥), time to maximum force (𝑡𝑚𝑎𝑥 ) and 
maximum depression (𝑑𝑚𝑎𝑥 ) for the experimental and simulated trials along with the 
damping properties determined by the simulation model.  
In both the one landing mat and two landing mat models for the impactor drops 
there is good agreement between the peak force (𝐹𝑚𝑎𝑥 ) and time to peak force (𝑡𝑚𝑎𝑥 ). 
There is a closer agreement in the mat depression for the two landing mat model. 
 
 
Table 7.1 Summary of mean landing variables from experimental and simulation impactor landings for 
one and two landing mats  
            
Landing     Number of Landing Mats   
Variable   One     Two  
            
𝑭𝒎𝒂𝒙  (experimental)  5624      3446  (Newtons) 
𝑭𝒎𝒂𝒙  (simulation)  5513      3427  (Newtons) 
𝒕𝒎𝒂𝒙 (experimental)  0.016      0.027 (seconds) 
𝒕𝒎𝒂𝒙 (simulation)  0.017     0.028 (seconds) 
𝐝𝐦𝐚𝐱  (experimental)  0.067     0.114 (meters) 
𝐝𝐦𝐚𝐱  (simulation)  0.064     0.114 (meters) 
 
Damping Properties: 
𝒆𝟑    902038     20377 
 
𝑘𝑑𝑎𝑚𝑝     1.00     1.00 
 
𝒎    0.168     0.636 
 
𝒏    2.459     1.539 
 
Total Difference Score  7.0%      4.7%  
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Figure 7.3 Experimental and simulation landing matches of an impactor landing showing  
force and depression for an individual trial for two landing mats 
(solid line = experimental landing, dashed line = simulated landing) 
 
 
7.3 Gymnast Landing Model 
The design of the spring-mass model for the landing mats was outlined in Chapter 
4. All of the input variables and parameters for the landing mat were outlined and 
described in Chapter 5 and 6 and are summarised in Table 7.2. The landing mat model is 
represented in Figure 7.4. 
 
 
Table 7.2 Summary of gymnast landing model input parameters  
            
Model Input     Number of Landing Mats   
Parameter   One     Two   
              
𝒈 (𝒎. 𝒔−𝟐)     9.81     9.81 
𝑴𝟏 + 𝑴𝟐  (𝒌𝒈)   65.2     65.2 
𝑴𝟑 (𝒌𝒈)   3.86     3.35 
𝑪𝟏     59171                                                              0 
𝑪𝟐     165944                                                            112795 
𝑪𝟑     0     826232 
𝜟𝒕  (seconds)   0.0001     0.0001 
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Figure 7.4 A representation of the spring-mass model for the gymnast and landing mat during landing 
 
7.3.1 Model Considerations  
 In the same way as the impactor drops the impact of the gymnast’s lower body 
(𝑀2) with the landing mat mass (𝑀3) is considered instantaneous and the conservation 
of linear momentum is used to calculate their common velocity after impact via Equation 
7.1 and 7.2. 
 
If 𝑧1, 𝑧2, 𝑧3 are the heights of the masses 𝑀1,𝑀2, 𝑀3 from the ground with initial values 
𝑧10, 𝑧20 , 𝑧30  at impact, the depressions 𝑑1, 𝑑2 , 𝑑3 may be calculated as: 
 
 𝑑1 =  (𝑧10 − 𝑧20 ) − (𝑧1 − 𝑧2) (Equation 7.12) 
 𝑑2 =  (𝑧20 −  𝑧30 ) − (𝑧2 − 𝑧) = 0 (Equation 7.13) 
 𝑑3 =  𝑧30 − 𝑧3 (Equation 7.14) 
 
The velocities 𝑉1 =  𝑑1, 𝑉2 =  𝑑2 , 𝑉3 =  𝑑3 will be given by: 
 
 𝑉1 =  − (?̇?1 −  ?̇?2) = − [𝑧1𝑣𝑒𝑙 −  𝑧2𝑣𝑒𝑙] (Equation 7.15) 
 𝑉2 = − (?̇?2 − ?̇?3) =  −[𝑧2𝑣𝑒𝑙 −  𝑧3𝑣𝑒𝑙] = 0 (Equation 7.16) 
𝑽𝟐𝟎  𝒂𝒏𝒅 𝑽𝟐𝟏 = 
the initial 
velocity of 
gymnasts lower 
body 𝑀2 and 
the common 
velocity 
following 
contact 
𝑀3 
𝑭𝟑  𝒅𝟑 𝑲𝟑 
𝑀1 
𝑀2 
𝒅𝟏  𝑲𝟏 𝒆𝟏 
𝑽𝟐𝟎  
𝑭𝟏 
𝒆𝟑 
𝒅𝟐 = 0 
𝑽𝟐𝟏  
𝑀1𝑔  
𝑀2𝑔  
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 𝑉3 =  − ?̇?3 =  −𝑧3𝑣𝑒𝑙  (Equation 7.17) 
 
𝑀3, the mass of the landing mat, is connected to the ground by a spring-damper.  This is 
acted upon by an upwards stiffness force which is represented as:   
 
 𝐹3 = 𝐶1𝑑3 + 𝐶2𝑑3
2 + 𝐶3𝑑3
3 
 
(Equation 7.18) 
This does not include the mat weight as the force measured at the force platform 
was calibrated to zero with the mat in place. As for the landing mat model the stiffness 
co-efficients were determined from the forces at the point of maximum depression (zero 
velocity) in the impactor and gymnast landing trials (described in Chapter 5 and 6). 
During landing the gymnasts softens the impact with the landing mat by allowing his 
mass center to be lowered by approximately 0.3 meters. This is mainly achieved through 
flexing at the hips and knees. There will also be some passive element of spinal 
compression and wobbling mass movement. The time histories of the force (𝐹1 ) that 
decelerates 𝑀1 will rise from zero and then fall.  
The main factor in the retardation will be the velocity damper. For 𝑀1 the init ia l 
relative velocity (𝑉1) will be zero since both 𝑀1 and 𝑀2 are falling at velocity 𝑉0 . For 𝑀2 
the initial velocity will be 𝑉0  since 𝑀3 initially has zero velocity. For the two masses the 
depressions 𝑑1 and 𝑑2 are both initially zero.  
 
The damping force acting in opposition to the velocity is defined as: 
 
  𝐹1 =  𝑒1𝑉
𝑚𝑑𝑛 (Equation 7.19) 
 
The time history profile will rise from zero and fall to zero since the init ia l 
displacement is zero and the final velocity will also be zero. Suitable choices of 𝑒1,  
𝑚 and 𝑛 should result in a reasonable agreement between the measured ground reaction 
force time history and the simulated 𝐹3  time history.  
 
7.3.2 Simulations 
The equations of motion (Newton’s II Law) are outlined in Equation 7.20 and 
7.21. These determine the initial acceleration when the gymnast contacts the landing mat .  
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 𝐹1 − 𝑀1𝑔 =  𝑀1?̈?1 = 𝑀1𝑧1𝑎𝑐𝑐  (Equation 7.20) 
 𝐹3 − 𝐹1 =  (𝑀2 +  𝑀3)?̈?3 = (𝑀2 +  𝑀3) 𝑧3𝑎𝑐𝑐  (Equation 7.21) 
 
Equations of constant acceleration are then used to advance by one time step (𝛥𝑡) of 
0.0001 seconds.  
 𝑧1𝑣𝑒𝑙 =  𝑧1𝑣𝑒𝑙0 + 𝑧1𝑎𝑐𝑐 𝛥𝑡 (Equation 7.22) 
 
𝑧1 = 𝑧1 𝑑𝑖𝑠0 +  
1
2
 [𝑧1𝑣𝑒𝑙0 +  𝑧2𝑣𝑒𝑙] 
(Equation 7.23) 
 
The initial values are then re-set for the next step where: 
 𝑧1𝑣𝑒𝑙0 =  𝑧1𝑣𝑒𝑙 (Equation 7.24) 
 𝑧1 𝑑𝑖𝑠0 =  𝑧1 (Equation 7.25) 
 
 
Similar equations are used for 𝑧2  and 𝑧3 . The time step is then incremented and the 
process is repeated.  
 
The differences between an experimental gymnast landing and a simula ted 
landing were calculated from the percentage differences in the; maximum force (𝐹𝑚𝑎𝑥 ), 
time to this maximum force (𝑡𝑚𝑎𝑥 ), force at 1.6𝑡𝑚𝑎𝑥  (𝐹𝑡2 ), maximum depression (dmax) 
depression at 1.6𝑡𝑚𝑎𝑥  (𝑑𝑡2 ) and force at 20 ms (𝐹20 ) . In each case the difference is 
calculated as a percentage of the measured maximum value.  
 
The unknown damping parameters 𝑒1,  𝑚, 𝑛, and the mass 𝑀2, were then determined by 
minimising the difference score over all impactor trials.  
 
  𝑆 =                    | % 𝐹𝑚𝑎𝑥  𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒|
+ |% 𝑡𝑚𝑎𝑥 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒|       
+ |% 𝐹𝑡2  𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒| + |% 𝑑𝑚𝑎𝑥  𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒|
+ |% 𝑑𝑡2 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒| + |% 𝑑𝐹20  𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒| 
(Equation 7.26) 
 
7.3.3 Gymnast Landing Model Outputs 
A total of 5 trials were simulated for the gymnast landings onto one mat and 6 
trials for the gymnast landing onto two mats. This gave an overall difference score of 
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16.7% between the experimental and simulated landings for the one mat condition and 
an overall difference score of 13.0% for the two landing mat condition. Figure 7.5 shows 
an experimental and simulated gymnast landing for an individual trial for force and mat 
depression for the one and two landing mat conditions. Table 7.3 shows the mean 
maximum force (𝐹𝑚𝑎𝑥 ), time to maximum force (𝑡𝑚𝑎𝑥 )  and maximum depression 
(𝑑𝑚𝑎𝑥 )  for the experimental and simulated trials along with the damping properties 
determine by the model. 
In both the one and two mat landings for the gymnast model there is good 
agreement between the peak force (𝐹𝑚𝑎𝑥 ) and time to peak force (𝑡𝑚𝑎𝑥 ) . There is a 
slightly greater disparity between the experimental and simulated mat depression (𝑑𝑚𝑎𝑥 ) 
but there is a closer agreement in the mat depression for the gymnast landing on to two 
landing mats. 
 
Table 7.3 Summary of mean landing variables from experimental and simulation gymnast landings for one 
and two landing mats 
            
Landing     Number of Landing Mats   
Variable   One     Two   
              
𝑭𝒎𝒂𝒙  (experimental)  7281     7117 (Newtons) 
𝑭𝒎𝒂𝒙  (simulation)  7300     6719   (Newtons) 
𝒕𝒎𝒂𝒙 (experimental)  0.042     0.055 (seconds)  
𝒕𝒎𝒂𝒙 (simulation)  0.047     0.054 (seconds) 
𝐝𝐦𝐚𝐱  (experimental)  0.136     0.193 (meters) 
𝐝𝐦𝐚𝐱  (simulation)  0.081     0.159 (meters) 
𝑴𝟐 (experimental)  1.97     5.59 (Kg) 
 
𝑴𝟐 (simulation)   5.06     14.75 (Kg) 
 
Damping Coefficients  
𝒆𝟏    16099     4694 
 
𝒎    2.771     3.613 
 
𝒏    2.008     2.023 
 
Total Difference Score  16.7%      13.0%  
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Figure 7.5 Experimental and simulation landing matches for force and depression for a gymnast landing onto one mat 
(a and b) and two mats (c and d) (solid line = experimental landing, dashed line = simulated landing) 
b) 
c) 
d) 
a) 
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7.4 Variation of Stiffness and Damping 
 
 Following the matching of the experimental and simulated gymnast landings the 
stiffness and damping co-efficients were altered to observe the effect on the maximum 
landing forces (𝐹𝑚𝑎𝑥 ), time to peak force (𝑡𝑚𝑎𝑥 )  and maximum mat depression 
(𝑑𝑚𝑎𝑥 ).  For both the one and two mat gymnast landings the mat stiffness was reduced 
to 60%, damping was reduced to 60% and stiffness and damping combined were reduced 
to 60%. Table 7.4 provides a summary of how reducing the mat stiffness and damping 
affects the gymnast model landing variables. 
 
 
Table 7.4 Summary of mean landing variables from matching simulations, reduced stiffness simulations 
and reduced damping simulations for gymnast landings onto one and two landing mats. Percentage 
differences are shown in brackets.  
            
Landing      Number of Landing Mats   
Variable   One     Two   
              
𝑭𝒎𝒂𝒙  (matching)  7300     6719   
𝑭𝒎𝒂𝒙  (stiffness)   7129  (-2.3%)    6168  (-8.2%) 
𝑭𝒎𝒂𝒙  (damping)  7222 (-1.0%)    7021 (4.5%) 
𝑭𝒎𝒂𝒙  (stiffness & damping) 6944  (-4.9%)    6492 (-3.4%) 
 (Newtons)    
𝒕𝒎𝒂𝒙 (matching)  0.047     0.054  
𝒕𝒎𝒂𝒙 (stiffness)   0.051 (7.2%)    0.060 (10.4%) 
𝒕𝒎𝒂𝒙  (damping)  0.050 (6.4%)    0.056 (3.0%) 
𝒕𝒎𝒂𝒙  (stiffness & damping) 0.054 (14.9%)    0.063 (15.9%) 
 (seconds)   
𝐝𝐦𝐚𝐱(matching)   0.081     0.159 
𝐝𝐦𝐚𝐱  (stiffness)   0.100 (23.4%)    0.183 (15.3%) 
𝐝𝐦𝐚𝐱  (damping)  0.085 (5.2%)    0.164 (3.7%) 
𝐝𝐦𝐚𝐱  (stiffness & damping) 0.110 (34.5%)    0.192 (21.2%) 
(meters) 
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 From the results presented in Table 7.4 in can be seen that reducing the landing 
mat stiffness reduced the maximum peak force in both mat conditions. Reducing the mat 
damping also reduced the maximum force (by 2.3%) in the one mat landing condition but 
saw a 4.5% increase in the two mat condition. In the one mat condition combining 
reduced mat stiffness and damping resulted in a greater reduction in force (4.9%) 
compared to reductions in stiffness or damping alone. However, for the two mat condition 
reduction in stiffness alone saw the greatest reduction in force (8.2%). 
Both the reduced stiffness, damping and combined stiffness and damping 
simulations saw an increase in the time it took to reach maximum force. The was also the 
case for landing mat depression as this increased in all simulations.  For both the one and 
two landing mat conditions the increase in time to peak force and landing mat depression 
was of a greater magnitude with a combined reduction is stiffness and damping. In the 
cases with a reduction in maximum force along with an increase in time to reach this 
maximum force, this would result in a reduced loading rate. Further implications are 
discussed in Chapter 8. 
 
7.5 Chapter Summary 
 This chapter has outlined the design and considerations in simulating an impactor 
landing on to one and two landing mats, along with modelling a gymnast landing. In the 
case of the landing mat model there was a 7.0% difference score for one landing mat and 
a 4.7% for two landing mats. There was good agreement between the maximum force 
(𝐹𝑚𝑎𝑥 ) time to maximum force (𝑡𝑚𝑎𝑥 ) and mat depression (𝑑𝑚𝑎𝑥 ).   
For the model of the gymnast landing on to one and two landing mats the 
difference scores were 16.7% and 13.0%. Once again, there was good agreement between 
the maximum force (𝐹𝑚𝑎𝑥 ) and time to maximum force (𝑡𝑚𝑎𝑥 )  but a slightly lower 
agreement in the mat depression (𝑑𝑚𝑎𝑥 ).  
 Optimisations were then performed with the simulation model with reduced 
stiffness and damping effects in the landing mat. Overall, there was decrease in maximum 
force, an increase in time to maximum force and an increase in maximum mat depression. 
Force was reduced more with combined reduction stiffness and damping effects for the 
gymnast landing on one mat. However, reduction in stiffness alone reduced the peak force 
more for the gymnast landing onto two landing mats. Combining the reduction in stiffness 
and damping had a greater effect on the time to peak force and landing mat depression. 
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When looking at the reduction in maximum peak force and increase in time to this 
maximum force, these factors combined will have the overall effect of reducing the 
loading rate experienced by the gymnast when landing. Further implications for the 
gymnast’s landings are discussed in Chapter 8 when addressing the research questions.  
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CHAPTER 8 
 
SUMMARY AND CONCLUSIONS 
 
8.1 Research Aims   
The main aim of this research was to increase the understanding and knowledge 
of the landing phase and landing mat properties involved in men’s and women’s vault ing 
in Artistic Gymnastics. Much of the previous research on gymnastics vault ing 
investigated the performance aspects of this event but there are very few studies that have 
investigated the interaction between the gymnast and equipment. With the significance 
of gymnast-equipment interaction, with regards to both injury and performance, the 
landing mats used in gymnastics vaulting have been investigated further with the use of 
experimental and theoretical techniques. As part of this aim the following research 
questions have been addressed:  
 
8.2 Addressing the Research Questions    
 Q1. Which experimental data collection techniques are the most accurate and 
reliable for establishing landing ground reaction forces through F.I.G. standard landing 
mats? 
Previous research has investigated gymnastics landing forces without the use of 
mats (McNitt-Gray, 1991), with modified landing mats (Pain et al., 2005) or have simply 
tested the landing mats with impactor testing (F.I.G., 2006). It would seem, the more 
ecologically valid method for looking at gymnast landing forces would be to investiga te 
subject landings with the use of F.I.G. standard landing mats. 
In order to establish an accurate and reliable testing procedure to obtain 
gymnastics landing forces with the use of landing mats several procedures were 
implemented. This included initial pilot testing, equipment tests, impactor drops and 
subject tests. Each set of experiments allowed the final testing protocols to be more 
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refined and with reduced error in the final data collection. In all situations the difference 
in the velocity calculated from the force data and the velocity calculated just prior to 
contact from the impact object was compared via the change in momentum. 
Initial pilot testing compared the difference in the velocity values from impact 
drops and gymnast’s landings. The differences reported for the impact drops ranged from 
0.5 % (drops directly on to the force platform) to 17.7 % (drops onto two mats). The 
differences for the gymnast landings ranged from 17.4 % (one mat) and 29.6 % (two 
mats). These initial results showed that useful data could be collected on landing mats 
and further testing was completed to refine the set-up. 
Following this further testing was completed with gymnast’s landings with 
greater consistency in the landing procedure. A trapeze was introduced so the height they 
landed from and the landing velocity was under greater control. A rig and pulley system 
was introduced for all further impact drops. The difference in landing forces for the 
impact drops ranged from 3.7 – 15.7 % for the one mat condition and 4.7 – 27.6 % for 
the two mat condition. The difference in forces for the gymnast landings ranged from 
17.9% for the one mat condition and up to 28.8% for the two mat condition. As the 
difference in the force measured by the force platform and the expected force was still 
quite large further equipment tests and protocols were carried out. 
To ensure that errors in the collected force were minimised tests were conducted 
on the force platform pre-trigger and synchronisation of the equipment. Differences in 
the force platform pre-trigger were varied and this function was removed from the fina l 
protocol. Additionally, the synchronisation of the force platform and Vicon system was 
concluded to have a 5ms lag between them. This was then accounted for in all of the 
remaining data collections. These tests show the importance of ensuring that all 
equipment is tested for reliability and validity. It is preferable to remove as much the 
unwanted error in the initial collection stages rather trying to remove it during the data 
processing (Winter, 2009). 
The final stages of the data collection introduced an attachment to the force 
platform which increased the surface area from 600 x 1200 mm to 1200 x 1200 mm. 
However, this introduced another error which was an increase in mass at the end of each 
trial due to movement of the landing mat from the floor onto the force platform raised 
surface following contact the by the impactor. Therefore, smaller landing mats (2000 x 
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2000 mm) were used for all remaining testing. These smaller landing mats are still within 
the limits set out by the F.I.G. (2006) for apparatus testing. The final difference for the 
impactor drops onto one landing mat were 5.6 % and for two landing mats was 3.9 %. To 
account for this difference all of the final vertical forces values from the impactor drops 
were adjusted. The reason the adjustment could be made for the impactor drops was due 
to the number of trials. The percentage differences between individua l trials on the one 
(-0.5 % to 12.1 %) and two (-1.3 % to 7.3%) landing mats was varied. However as 39 
trials were performed on each landing mat condition an overall mean could be established 
with some level of confidence. The one landing mat difference had a mean of 5.6% with 
a standard deviation of 3.4%. The two landing mat condition had an overall mean of 3.9% 
with a standard deviation of 2.3%. Even though these are reasonably large standard 
deviations the standard errors of the mean corrections were 0.6% and 0.4%.  
With regards to the final gymnast landings the percentage difference between the 
mean velocity values was less than 1% for both one and two landing mat conditions (-
0.96% for one mat and -0.31% for two mats). Only six landings were performed in each 
condition and the standard deviation for the one landing mat condition was 1.7% and was 
2.4% for the two landing mats. This was due to the fluctuations in the differences between 
positive and negative (range = -3.5% to 2.4%). As the standard errors were comparable 
with the 1% mean difference it was decided not to make further adjustments and that the 
differences were low enough to be considered negligible. 
In summary in can be concluded that ground reaction forces for impactor drops 
and gymnast landings can be recorded accurately using smaller one and two landing mats 
placed over an enlarged force platform.  
 
Q2. How do ground reaction forces and those at the foot-mat surface differ under 
different landing mat conditions? 
 Once it had been confirmed that ground reaction forces could be collected with 
the use of landing mats and a force platform, final experimental data was collected on 
impactor drops and gymnast landings. Experimental data from the impactor drops was 
used to establish the vertical depression of the landing mats from Vicon. This was then 
differentiated to calculate the vertical velocity and vertical acceleration of the mat surface. 
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This was then subsequently used to calculate the vertical force at the mat-impacto r 
surface (𝐹2 ). The known forces were then used to calculate the landing mat effective 
mass (𝑀3) and landing mat stiffness (𝐾3).  
 
Data Processing: 
 Prior to any impactor/gymnast-mat surface forces and effective mass being 
determined for the landing mat, the displacement data needed to be processed to remove 
unwanted noise. It has been highlighted in previous literature that difficulties arise when 
trying to smooth or apply filtering techniques over contact or impact points (Knudson 
and Bahamonde, 2001). The main problem arises from the fact that the area of interest 
when looking at impacts is also the section of data that should not be over-smoothed or 
filtered. Otherwise this processing will remove the magnitude of the changes that the 
researcher is interested in. However, leaving this data unprocessed will result in the 
unwanted noise remaining in the data. This is particularly noticeable when double 
differentiating displacement to obtain acceleration data. As the acceleration data was used 
for calculating force the processing of the raw displacement data needed to maintain the 
points of interest such as: peak force values, timing of the peak values and the gradient 
of the rise and fall of the force.  
 Initial auto-filtering techniques of the vertical displacement data in the Vicon 
software did not produce the expected pattern of force at the impactor-mat surface. The 
value expected during the fight phase (as the impactor was under the influence of a 
constant acceleration of -9.81 m.s-2) was not constant and there was a not a sharp rise in 
force at the point of contact as expected during an impactor drop. It was concluded that 
the flight and contact phases of the impactor drops and gymnast landings should be 
processed separately due to their individual criteria for achieving adequate filter ing 
results. Filtering cut-off frequencies were carried out on the flight phase but due to errors 
when re-adjoining the flight phase with the contact phase it was concluded that fitting a 
quadratic equation to the flight phase gave a much better representation of the impactor 
under the influence of gravity. Several cut-off frequencies were also tested on the contact 
phase and it was concluded that a cut-off frequency of 50 Hz best suited the selection 
criteria for maintaining the points of interest outlined above. This selection also featured 
in the following calculations for mat effective mass. It was expected that the values for 
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the effective mass calculations would show an initial rise and then stay relatively constant 
once the mat mass had become involved in the landing. This cut-off frequency best 
represented this landing mat involvement.  
Once the raw displacement data had been processed with the appropriate 
techniques the mat depression (𝑑3 ), force at the mat impactor/gymnast surface (𝐹2 ) and 
force from the force platform (𝐹3 ) could be compared and evaluated for the different 
conditions. 
 
Landing Mat Depression: 
 The mat depression for the impactor drops onto one landing mat ranged from 42 
mm to 90 mm. The greatest mat depression was for an impactor with a mass of 16.65 kg 
when dropped from a height of 2 meters. Mat depressions of 0.088 - 0.118 m were 
reported by Mills et al. (2006). These were impactor drops from a similar range of heights 
to this research but it should be noted that Mills et al. used an impactor mass of 24 kg 
onto a cut-out mat. Therefore, the slightly higher mat depression reported by Mills et al. 
(2006) is to be expected but is comparable to the depression reported in this research.  
For the gymnast with a mass of 65.3 kg landing onto one mat from a height of 
1.84 m the mean mat depression for all trials was 91 mm. Given that the single landing 
mat was 200 mm in thickness the gymnast landings show that the mat is depressing by 
nearly half of the full mat depth. 
 The mat depression for the impactor drops onto two landing mats ranged from 76 
mm to 144 mm. Similarly, to the one mat condition, the greatest mat depression was for 
an impactor with a mass of 16.65 kg when dropped from a height of 2 meters. The mean 
landing mat depression for the two mat condition from the gymnast trials was 157 mm. 
The combined depth of the two landing mats was 300 mm so once again the gymnas t 
landings are showing that the mats are approximately at half of the full mat depth.  
The landing height was selected to represent the vertical landing velocity of 
approximately 6.0 m.s-1. Vertical landing velocities of up to approximately 6.0 m.s-1 have 
been reported in the literature (Takei, 1991) and with each new Olympic cycle and 
increasing difficulty in men’s and women’s vaults these landing velocities are only going 
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to increase. This does bring into question the thickness of these landing mats with regards 
to maximum depression being experienced during gymnast landings. The mat depression 
will depend on other factors, primarily the age of the mats and number of previous uses. 
The mats used in this research were of F.I.G. standard and of an observed good condition 
but have been repeatedly used in a training environment. However, these give a good 
representation of most landing mats seen in gymnastic clubs. Landing mats are expensive 
and generally not replaced for a number of years. It cannot be assumed that all gymnast ic 
clubs will have ‘like new’ landing mats to be used in training and/or in County/Regiona l 
level competitions.  
 
Forces from the Force Platform:  
 The range of ground reaction forces for the impactor drops ranged from 3049.7 
to 8554.3 N for the one landing mat condition. Mills et al. (2006) reported peak forces of 
9597 for a 24 kg impactor object released from 2.15m above the mat surface. This is 
similar to the forces from the impactor drops in this research. The peak forces were 
7301.7 N for the gymnast landings onto one landing mat.  
The range of ground reaction forces for the impactor drops ranged from 1744.0 
to 5695.7 N for the two landing mat condition. The peak forces were 7107.2 N for the 
gymnast landings onto two landing mats. McNitt-Gray (1991) reported peak forces of up 
to 7400 N for gymnasts landing directly onto the force platform from 1.28 m.  
It is noted that the peak forces recorded for the gymnast landings are relative ly 
similar for the one and two mat landings. It was therefore expected that any differences 
in forces may be apparent in the initial peak forces or forces at the gymnast/impactor- mat 
surface. 
 
Forces from the Mat Surface:  
It was expected that the calculated force from the gymnast/impactor-mat surface 
would be lower than the measured force from the force platform due to additiona l 
accelerated mass of the landing mat included in the ground reaction force below the mat 
surface.  
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This was the case for both the impactor drops and the gymnast landings onto one 
landing mat. The peak forces calculated at the impactor-mat surface ranged from 2218.3 
to 6661.4 N. This is in comparison to the 4432.4 N calculated at the gymnast-mat surface. 
The peak forces calculated at the mat surface were between 72% and 77% of the peak 
ground reaction forces for the impactor drops compared to 60% in the gymnast landings.  
 The same results were apparent for the impactor drops and gymnast landings onto 
two mats. The calculated force from the gymnast/impactor-mat surface was lower than 
the measured force from the force platform. The peak forces calculated at the impactor -
mat surface ranged from 1387.9 to 4295.6 N. This is compares to the 2307.0 N calculated 
at the gymnast-mat surface. The peak forces calculated at the mat surface were between 
75% and 79% of the measured ground reaction in the impactor drops compared to 32% 
in the gymnast landings.  
Upon landing, gymnasts are able to adjust their ankle, knee and hip joints to utilise 
some control strategies to attenuate the forces. No such control can be exhibited in the 
impactor drops. As an impactor contacts the mat no adjustments can be made and this 
resulted in the higher relative forces at the mat surface. 
The peak forces recorded for the gymnast landings are similar for the one and two 
mat landings. Differences are shown between the forces calculated at the mat surface and 
also at the initial peak in the landing. This was 3077.8 for the one mat landings and 1742.4 
for the two mat landings. The lower initial peak force and lower force at the mat surface 
for the two mat condition would conclude that this may be a preferable landing set-up for 
a gymnast who is performing multiple landings in practice and competitions. This also 
confirms that gymnasts are able to adjust their landing strategy to try and minimise the 
forces they experience upon landing.  
 
Gymnast Landing Configurations: 
 Gymnast landing configurations were established for the one and two mat 
landings. Joint angles for the hip, knee and ankle joints were determined to compare the 
different landing strategies between the mat conditions. 
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 There was very little difference in the ankle joint angles for the gymnast landing 
on one and two landings. There was a greater difference in the hip and knee angles for 
the different landings. Given that the muscle groups over the hip and knee joints are much 
larger than those at the ankle, it is not surprising that the gymnast is using these muscles 
to adapt to the different landing conditions.  
For both the hip and knee joints the gymnast was contacting the landing mat in a 
more extended position when landing onto two landing mats. This would suggest that the 
gymnast landing onto two mats was prepared for a softer landing as it allowed greater 
range of motion at these joints following contact. 
Lees (1981) reported greater joint flexion during initial contact on harder landings 
due to the expected higher forces and a longer landing process on softer landings. This is 
supported by the results in this research as the gymnast exhibits greater joint flexion (at 
the hip and knees) between contact and the initial peak force when landing onto one 
landing mat. However, following the initial force up to the peak force the gymnas t 
demonstrates greater joint flexion (at the hip and knees) in the two landing mat condition.  
  For both the one and two landing mats the gymnast showed similar knee joint 
angles at the point of maximum mat depression. However, at the hip joint the gymnas t 
showed a less flexed position on the two mat landing when compared to the one mat 
landing. This is once again due the gymnast adapting the landing strategy on the softer 
surface and exhibiting an increase in time over which they demonstrate joint flexion. It 
should also be noted that to reach full mat depression it takes approximately 10 ms longer 
when the gymnast lands onto two landing mats. This is supported by previous research 
(McNitt-Gray et al., 1993, McNitt-Gray et al., 1994) which also reported that gymnasts 
adjusted their strategy due to changes in surface and/or drop height to help reduce peak 
force or increase the time to peak force.  
It is also observed that at the end of the landing process the gymnast is in simila r 
position on both one and two landing mats. The gymnast lands in a less flexed position 
onto two landing mats at contact to adapt to the initial softer landing but over the duration 
of the landing phase ends in a similar position to the one mat landing. A study by 
Arampatiz et al. (2003) also found that athletes control their landings to remain within a 
restricted range. It was reported that there was an increase in pre-muscle activation prior 
to contact for ‘stiffer’ landings. 
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 The maximum force at landing has been shown to be similar for the one and two 
mat landings (7301.7 and 7107.2 N). Given that there are differences in the landing 
strategy adopted by a gymnast it would suggest that they are altering their landing positon 
and control between the different surfaces to keep the maximum force within an 
acceptable limit.  
  
Q3. How do the parameters for the landing mats and gymnast differ under different 
landing mat conditions? 
 
Landing Mat Effective Mass: 
 Once the ground reaction forces and those from the mat surface were known, it 
was possible to calculate the effective mass of the landing mats. This was needed as an 
input for both the landing mat and gymnast model.  
 The results for calculated mat effective mass showed that as the drop height of 
the impactor increased (and therefore contact velocity increased) the quantity of mat 
involved with the impact also increased. For the one landing mat, effective mass ranged 
from 3.47 - 3.86 kg. For two landing mats the effective mass ranged from 2.85 – 3.35 kg. 
In all cases there was less effective mass for the two mat condition. This is a possible 
consequence of assuming that the mat effective mass moves with the upper surface of the 
mat as the top mat in the two mat set-up is more flexible (and more likely to deform under 
contact) than the one mat alone.  
Pain et al. (2005) reported landing mat effective mass ranges of 2.00 – 3.05 kg 
for a one landing mat. These are lower than the effective mass values reported in this 
research for one landing mat but the research by Pain et al. used a sample mat inside a 
wooden frame. It would therefore be expected that this sample mat would behave 
differently upon impact than the standard landing mat used in this research. Mainly that 
there is less landing mat mass to become involved in the landing but also that the mat is 
possibly restricted by the wooden frame.  
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F.I.G. Testing Procedures and Landing Mat Stiffness: 
 Another model input required was the stiffness parameters for the different 
landing mat conditions. Maximum landing mat depression and the corresponding force 
at this point were used to plot the corresponding force-depression curves. Different model 
fits were explored for both the one and two mat conditions, these included; linear, 
quadratic and cubic. This relationship between the depression of landing mats and the 
recorded force was of interest to be used as an input for the spring-mass models but also 
to evaluate the F.I.G. current testing procedures. 
 The ‘F.I.G. Apparatus Testing Procedures’ (2006) outline the equipment and 
procedures required for all 200 mm and 100 mm landing mat testing. They outline that a 
20 kg impactor (with a 10 cm impact face) should be dropped from a height of 0.8 m to 
ensure a 3.96 m.s-1 impact velocity onto nine separate locations of the test mat of 200 mm 
thickness (minimum size 2000 mm x 1200 mm). Figure 8.1 outlines the contact points 
for this testing. This is given the bounds of 110 mm mat depression and 3000 N maximum 
force for the 200 mm thick mat. 
 
 
 
 
 
 
 
 
Figure 8.1 The nine impact sites outlined by the F.I.G. testing Procedures (2006) 
  
The impactor drop performed in this research that most closely matches the F.I.G. 
criteria is onto one landing mat from a height of 1.0 m with a mass of 14.15 kg. This 
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results in an impact velocity of 4.29 m.s-1. This gave a mat depression of 60 mm and a 
maximum force of 4684.1 N. Therefore, this trial was within the bounds of mat 
depressions set by the F.I.G. but outside the bounds for vertical force. This is surprising 
given that the impactor mass in this research was lower than the 20 kg specified by the 
F.I.G. However, it may have possibly been within the force bounds if released from a 
lower height. 
Testing was not completed solely onto the 100 mm mat in this research as this is 
set-up is rarely used in training and not at all in competition without a base mat being 
placed underneath. It should be noted that the contact velocity for the testing procedures 
of the 100 mm mat is outlined as 2.87 m.s-2 from a drop height of 0.4 m. This grossly 
underestimates the landing heights and contact velocities seen in competitive gymnastic s. 
This is given the bounds of 65 mm depression and 3750 N for the 100 mm thick mat.  
One of the main points to be considered within the F.I.G. testing procedures is the 
use a single depression and force value. This assumes a linear stiffness within the landing 
mats. This was some of the rationale behind testing a variety of impactors from a range 
of height within this research.  
The force-depression curves for the one and two landing mats both showed a non-
linear relationship. The one landing mat best fitted a quadratic function to represent the 
force from the force platform and the two landing mat was best fitted with a cubic 
function. In both conditions the linear function was not a good fit and did not adequately 
represent the force and depression relationship of either landing mat condition. The 
confirms that the F.I.G. Apparatus Testing Procedures (2006) should be reviewed with 
regards to not only the impact velocities but also the assumed linear relationship between 
the force and mat depression.  
 
Gymnast Mass: 
 When a gymnast lands on a landing mat there is an initial peak force which 
reflects the initial effective mass of the gymnast’s lower leg. This initial landing force 
can be considered passive and has an effective mass of the gymnast involved within it. 
This is followed by an active peak force in which the gymnast’s remaining body mass 
has become actively involved. In order to be able to model the gymnast landing both of 
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these masses need to be known. 𝑀2 is therefore considered to be the initial involvement 
of lower body mass of the gymnast immediately after contact on landing. 𝑀1, which is 
the remaining upper body mass of the gymnast to become involved during the active 
phase of landing, was also calculated.  
For the gymnast landing onto one mat the mean lower body mass (𝑀2) was 1.97 
± 0.8 kg and the upper body mass (𝑀1) to become involved was 63.33 ± 0.8 kg. For the 
gymnast landing on two mats the mean lower body mass (𝑀2) was 5.59 ± 3.3 kg and the 
upper body mass (𝑀1) to become involved was 59.71 ± 3.3 kg.  
Experimental impactor drops were carried out onto one and two landing mats to 
match the initial peak forces shown in the gymnast landings. The experimental mass of 
4.85 kg is reasonably matched to the calculated 𝑀2. This is a much closer match between 
experimental and calculated variables than previous research as Mills (2005) reported an 
experimental mass of 24 kg to represent the gymnasts lower body. Given the much lower 
masses reported in this research it is likely that these are representative of the gymnast’s 
lower leg upon initial contact with the landing mat.  
 The 𝑀2  mass calculated by the gymnast-mat model was 5.06 kg for the one 
landing mat and 14.75 kg for the two landing mats. Although these are higher than the 
calculated gymnast effective mass values they do show the same pattern of the one 
landing mat gymnast effective mass being lower than for the gymnast landing onto two 
landing mats.  
 
Q4. How do the findings from Research Questions 2 and 3 impact upon the 
recommendations made for future landing mat construction and design in gymnastics 
vaulting?  
Through modelling the gymnast-mat system, the maximum forces, time to 
maximum and maximum mat depression experienced by the gymnast at landing were 
investigated via a spring-mass model. 
In both the one landing mat and two landing mat models for the impactor drops 
there is good agreement between the peak force and time to peak force. There is a closer 
agreement in the mat depression for the two landing mat model. There was a total 
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difference score of 7.0 % for the one landing mat model and 4.7 % for the two landing 
mat model.  
For both the one and two mat landings for the gymnast model there is good 
agreement between the peak force and time to peak force. There is a slightly greater 
disparity between the experimental and simulated mat depression but there is a closer 
agreement in the mat depression for the model of the gymnast landing on to two landing 
mats. There was a total difference score of 16.7 % for the model of the gymnast landing 
onto one landing mat and 13.0 % for the model of the gymnast landing onto two landing 
mats.  
Following the matches of the experimental data to a simulation model the stiffness 
and damping variables were altered. This was to explore how changing the mat properties 
might influence the landing forces, time to peak forces, mat depression and therefore 
loading rates.  
Reducing the landing mat stiffness saw a decrease in the maximum force for the 
gymnast landings onto both the one and two landing mat conditions. Reducing the mat 
damping reduced the maximum force for the one mat condition but increased the 
maximum force for the two mat condition. When stiffness and damping were reduced in 
combination the peak force was lower for the gymnast landing model onto one and two 
landing mats.  
However, it is also of interest to look at the loading rates in these damping and 
stiffness changes as the time to peak force was increased in all simulations. Firstly, it is 
worth noting the loading rates for the experimental gymnast landings. These were 
169,344 N/s for the one landing mat and 129,412 N/s for the two landing mats.  
The simulation with the lowest loading rate (102,800 N/s) was the two mat 
condition with 60% stiffness. Reducing the damping in two mats did not see a great 
difference in the loading rate (125,375 N/s) to the experimental results and the combined 
reduction in stiffness and damping for the two mat gave a similar result to reduced 
stiffness alone (103,047 N/s). However, the reduction in stiffness and combined stiffness 
and damping gave mat depressions of 183 mm and 192 mm, respectively. Given that the 
full mat depth is 300 mm this would mean that the mat is closer to full depression than 
the experimental gymnast landing onto two mats which was only 157 mm. 
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The lowest loading rate for the one mat simulations was for the combined stiffness 
and damping. This gave a loading rate of 128,592 N/s. However, by reducing the damping 
and stiffness of the one mat model to 60 % gave a very similar result to the experimenta l 
two mat loading rate (129,412 N/s).  
Taking all factors in consideration it would seem that the most practical option 
for reducing loading rates would be the two mat experimental set-up. This option 
demonstrates the same reduction in loading rates as reducing stiffness and damping in the 
one mat simulation but maintains a sensible mat depression of 157 mm, which is half the 
mat depth.  
 
8.3 Final Conclusions  
 This research has investigated the possible experimental set-ups for collecting 
ground reaction forces through F.I.G. testing standard mats that are used in training and 
competition in gymnastics vaulting. It was confirmed that a suitable method could be 
established with the use of an additional attachment to the force platform and mats with 
the dimensions of 2000 x 2000 mm. The mean differences in calculated velocities for the 
impactor drops were 5.6% for one landing mat and 3.9% for two landing mats. The 
overall mean difference for the gymnast landing trials is less than 1% for both landing 
mat conditions (-0.96% for one mat and -0.31% for two mats) but it was noted that there 
were greater fluctuations in these values.  
 A spring-mass model was developed for the impactor mass landing and for the 
gymnast landing on to the mats. Several parameters were needed as inputs for this model 
which included: force from the force platform, masses of the gymnast, effective mass of 
the landing mats and landing mat stiffness. Experimental data was collected using 
dropped impactor masses and a male elite gymnast. This data was used to calculate some 
of the input parameters needed. The remaining parameters were calculated using the 
spring-mass model.  
Results from the experimental set-up showed that the gymnast was using different 
landing configurations on the different landing mat conditions. The gymnast landed in a 
less flexed position onto the two landing mats but maintained the same position at the 
end of the landing phase. Both landing mat conditions demonstrated that when the 
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gymnast lands onto these mats they are depressing by approximately half of the total mat 
depth. The maximum forces recorded for the gymnast landings are similar for the one 
and two mat landings. The differences are observable between the forces calculated at 
the mat surface and at the initial peak, which are lower when the gymnast landed onto 
two landing mats. This would conclude that gymnasts are able to adjust their landing 
strategy to restrict the maximum forces experienced when landing on different surfaces 
and also that the two landing mat condition may be the preferred landing set-up for a 
gymnast who is performing numerous landings in practice and competitions. 
Another important aspect regarding the landing mat model was the stiffness 
parameter. As the F.I.G. testing procedures (2006) uses a single depression and force 
value it is assuming that all landing mats have a linear stiffness. It was concluded that 
both the one and two landing mats are shown to have a non-linear relationship for the 
force-depression curves. This highlights that the current testing procedures outlined by 
the F.I.G. do not adequately represent the force and depression relationship of landing 
mats.  
 Following the matching of the experimental and simulation model force 
and depression data, with acceptable difference scores, the landing mat stiffness and 
damping properties were reduced. For both the one and two landing mats a reduction in 
the mat stiffness demonstrated a decrease in the maximum force in all of the simulations. 
Reducing the damping did not result in a reduced maximum force in all of the simulations.  
In addition to an overall reduction in the maximum force adjusting the stiffness 
and damping parameters resulted in an increase in time to peak force. The time to peak 
force is an important factor with all landings. With a reduction in the peak force and 
increase in the time to reach peak force the loading rates for all of the mat conditions 
were reduced. However, this needs to be balanced against sensible mat depressions. The 
most practical option for reducing loading rates appeared to be the two mat experimenta l 
set-up. This option demonstrates the same reduction in loading rates as reducing stiffness 
and damping in the one mat simulation but maintains a sensible mat depression. 
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8.4 Future Research    
 The mat parameters defined in this research have been useful as an input for a 
simulation model and further investigations in to other landing mats and set-ups would 
provide further information regarding gymnastic landing conditions. It would also be of 
interest to perform similar testing on landing mats from a greater range of landing heights. 
The heights used in the research are representing the vertical landing velocities of vault 
landings but these are increasing throughout elite level competition. There is also the 
consideration of other landing heights such as those from the high bar and rings apparatus.  
 Another aspect to consider is the use of a greater range of gymnasts. It would be 
of interest to investigate female gymnasts and those of a smaller mass to explore if the 
landing strategy and landing mats behave in the same manner.  
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